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abstract i 
ABSTRACT 
Neurones in the superficial layers of the superior colliculus (SSC) respond to novel visual 
events. Cells in the SSC project via neurones in the deep layer of the superior colliculus to 
motor nuclei which generate appropriate behavioural and avoidance responses to novel 
sensory stimuli. Glutamate is a neurotransmitter at the retino-collicular and cortico- 
collicular synapse. Glutamate receptors can be classified as either ionotropic or 
metabotropic (mGluRs). At present, 8 mGluRs have been cloned (mGluRI - mGluR8), 
and these can be divided into 3 groups based on sequence homology, pharmacology and 
coupling to 2dmessenger pathways. There is evidence that metabotropic glutamate 
receptors may be present on SSC neurones and SSC afferents. This study examines how 
mGluRs may modulate the response properties of visually responsive cells in the SSC. 
Iontophoretic application of pharmacological agents including selective mGluR agonists 
and antagonists are used to probe the functional effects of mGluR manipulation in an in- 
Wvo preparation. All three groups of receptor appear to be activated by endogenous 
glutamate during visual synaptic transmission. Activation of Group I mGluRs (mGluRl 
and mGluR5) cause a depression of the visual response. Activation of both Group 11 
(mGluR2 and mGluR3) and Group HI mGluRs (mGluR4, mGluR6, mGluR7 and mGIuR8) 
causes a facilitation or inhibition of the visual response in individual neurones. Neurones 
in the SSC detect novel visual stimuli by producing a decline in the response to repeated 
stimuli, this is called habituation. Group HI (but not Group I or Group H) mGluRs 
contribute to response habituation in the SSC and therefore have a functional role in 
detecting stimulus novelty. Activation of Group R receptors is dependent upon the 
intensity of the stimulus, probably due to their location away from the central region of the 
synapse. Immuno, histochemical data presented here details the distribution of selected 
mGluRs in the sub-cortical retinofugal pathway of the rat, ferret and cat. Analysis shows 
that the distribution in these three species is dissimilar. This suggests that mGluRs may 
have different functional roles in visual processing in different species. 
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Chapter I- superior colliculus 
1.0 Superior Colliculus 
1.1 General overview of the function of the superior colliculus 
The superior colliculus (SC) is a phylogenetically ancient midbrain structure where 
information from different sensory modalities converges to generate an appropriate 
behavioral response to a novel sensory event (Stein 1981 & 1984). It is a laminated 
structure and is generally divided into two components,, the most superficial layers are 
entirely concerned with the visual system and are driven by afferents from the retina and 
visual cortex. In these superficial layers, the SC has a role in primary sensory processing. 
The deep SC layers contain neurones that are frequently multimodal and are responsive to 
auditory, somatosensory and nociceptive information. The deep SC layers also receive 
inputs from the superficial SC although the deep layers receive very little or no direct 
retinal input. The deep SC integrates these multisensory inputs in order to generate 
appropriate motor commands in response to changes in the animal's environment (Stein & 
Meredith 1994). 
Studies in SC function began as long ago as 1872, when the role of the SC in the generation 
of eye movements was investigated (see Stein 1984). Interest in collicular function was 
revived by a series of experiments starting in the 1960's which described a profound 
neglect of visual space following ablation of the SC in several species (Sprague & Meikle 
1965, Casagrande et al. 1972, Goodale & Murison 1975). These lesion experiments led to 
the proposal of there being 'Iwo visual systems" (Diamond and Hall 1969, Schneider 1969) 
with the retino-tectal pathway concerned with localization, orientation and response to 
novel visual stimuli - "Where is it? ", whereas the retino-geniculate cortical pathway is 
concerned with pattern discrimination of visual stimuli - "What is it? ". 
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Based on lesion and stimulation experiments, the SC has been implicated in the generation 
of many complex behaviours including, the direction of eye movements (McHaffie & Stein 
1982), localization of visual events (Goodale et al. 1978, Sahibzada et al. 1986, 
Krauthamer et al. 1992), avoidance reactions (Olds & Olds 1962, Redgrave et al. 198 1), 
defence (Goodale & Murison 1975), turning (DiChiara & Morelli 1982), locomotor 
exploration (Dean et al. 1982, Heywood & Cowey 1987) and approach behaviors (Dean et 
al. 1986, Westby et al. 1990). There is evidence that the different behaviors of approach 
and avoidance are generated by different cell populations in the SC (Dean et al. 1986,1988, 
1989, Redgrave et al. 1987a, 1987b, Sahibzada et al. 1986, Westby et al. 1990). Defense 
behaviors are believed to be generated by the ipsilateral descending projection from the SC 
to the parabigeminal, cuneiform and pontine nuclei (Kilpatrick et al. 1982, Cools et al. 
1984, Redgrave et al. 1987a, Westby et al. 1990), whilst approach behaviors are mediated 
by the contralateral tecto-reticulo-spinal descending projection (Kilpatrick et al. 1982, 
Redgrave et al. 1987a, Westby et al. 1990). The SC is also able to generate changes in 
physiological parameters such as heart rate (DaMico et al. 1998), blood pressure (Keay et 
al. 1986, DaMico et al 1997), and cortical EEG (Dean et al. 1984, Redgrave & Dean 1985) 
in response to novel sensory events. It is therefore apparent that the SC is associated with 
initiating a full integrated response to novel stimuli and not merely with orienting the head 
and eyes towards novel visual stimuli for the purpose of analysis by the geniculo-striate 
system. It is feasible to assume that in small animals such as rats that have many predators, 
that the responses generated by the SC will be of critical importance to the survival of the 
animal (Stein 1981). 
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1.2 Anatomy of the SC 
The adult superior colliculus can be divided into seven alternating fibrous (or cell body 
poor) and cellular (cell body rich) laminae, in the dorsal to ventral direction these are 
named: - 
1. Stratum Zonale (fibrous) 
2. Stratum Griseum Superficiale (cellular) Superficial Superior Colliculus 
3. Stratum Opticum (fibrous) 
4. Stratum Griseurn Intermediale (cellular) 1 
5. Stratum Album Intermediale (fibrous) Intermediate and Deep Superior Colliculus 
6. Stratum Griseurn Profundum (cellular) 
7. Stratum Album Profundum (fibrous) 
The superficial and deep layers of the SC have been thought of as being functionally 
separate entities (Harting et al. 1973), however, there are difficulties in describing the SSC 
and DSC as completely separate structures as visuomotor deficits only appear when lesions 
of the SC include the deeper layers (Casagrande et al. 1972). Also, the topographic 
organisation of receptive fields is maintained on progression from superficial to deep layers 
(Siminoff 1966) which might not be expected if the SSC and DSC were separate structures. 
There is anatomical (Hilbig & Schierwagen 1994) and physiological (Ozen et al. 2000) 
evidence for connections between the superficial and deep SC in the rat. 
The data presented in this thesis are concerned with the modulation of visual processing in 
the SC, therefore this introduction will mainly focus on the anatomy, physiology and 
pharmacology of the superficial, visually responsive layers. 
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1.2.1 Retinofugal Pathway 
The photoreceptors present in the rat retina consist almost entirely of rods, rare cone 
photoreceptors contribute <1% of all photoreceptors (Szel & Rohlich 1992). Nearly all of 
these cones have a photopigment with peak sensitivity in the 500 - 520nm range (a medium 
wave sensitive pigment), with the other rare class of cone photopigment being maximally 
sensitive at 370nm (ultraviolet range, Jacobs et al. 199 1). The distribution of ganglion cells 
across the rat retina is fairly uniform in contrast with higher order mammals, with the ratio 
of highest (area centralis) to lowest density being 5: 1 (Perry 1979, McCall et al. 1987, ). 
The representation of central visual fields in the SSC is not substantially magnified in 
comparison to the peripheral field (Forrester & Lal 1966, Siminoff et al. 1966, Stein 198 1). 
Output from the retina to the SC is from retinal ganglion cells (RGCs). The number of 
RGCs in the rat as determined by retrograde labeling of retinorecipient nuclei is 
approximately 100,000 - 115,000 (Lam et al 1982). In mammals, RGCs can be classified 
into three main groups, in the rat RGCs have been further subdivided into five classes, their 
properties are described in Table 1.1. Studies examining the conduction velocities of 
retino-collicular axons identified 3 groups of axons with different velocities (Sumitomo et 
al. 1969, Fukuda 1977). The fastest conducting axons terminate in deep stratum griseum 
superficiale (SGS) and stratum opticum (SO) and the slower conducting axons terminate in 
upper SGS. RGC axons enter the SC through the SO. Retino-recipient SSC cells receive 
multiple retinal inputs (Lo et al. 1998). 
A very large proportion of RGCs collaterals (approx. 90%) innervate the SC (Linden & 
Perry 1983, Dreher et al. 1985). In the rat, the SC projection is predominantly 
contralateral, with the ipsilaterally projecting cells confined to a crescent shaped region of 
the lower temporal retina (Cowey & Perry 1979, Jeffery & Thompson 1986). The small 
ipsilateral projection is to the centro-medial region of dLGN and the rostral border of the 
SC and represents central binocular visual space. 
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Table 1.1 Different types of ganglion cells in the rat retina 
5 
Type Somal Axon dia. Size dendritic Notes Refs 
size field 
I 16-32gm 0.9ýtrn 220-790ptm 3-7 Distributed over whole retina, 
1.23.5, 
conduction primary highest in temporal retina. 
6.7,8.9 
velocity dendrites Estimate of 14% of RGCs, 
approx form 10-14% of ipsilateral 
16.1 m/sec projection. More collaterals 
project to DLG than SC. 
Ila 11-22gm 0.6ýirn max 250gm I- Project to DLG and SC. 
5,6,8 
4 primary Higher density in central retina. 
dendrites 
Ilb 7-15gm 0.4gm max 140gm Largely innervate SC. Higher 
5,8 
density in central retina. 
Illa 6-15ýtm 0.35ptm max 540gm Largely innervate SC.. Higher 
5,8 
density in central retina. 
Illb 15-24ýtm 0.6grn max 41 Ogm, Project to both DLG and SC. 
5,6,8 
long primary Higher density in central retina. 
dendrites with 
very few 
branches 
References 
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2. Sumitomo et al. 1969 4. Ni & Dreher 1981 6. Martin 1986 
9. Peichl 1989 
1.2.2 Cellular Morphology of Cells in the SSC 
7. Reese & Cowey 1986 
8. Schall et al. 1987 
Cells of the rat SC were first described by Cajal in 1911 (Sefton & Dreher 1995). The cells 
were named after the orientation of their dendrites (horizontal, vertical and stellate). 
Several types of intemeurones have been identified and these have axons that are confined 
to the superficial layers. Table 2 describes the location and possible function of cells that 
have been described in the rat SC. 
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1.2.3 Cortico-Tectal Projection 
The projection to the SSC from ipsilateral areas of visual cortex arises from large pyramidal 
cells located in the upper two-thirds of layer V (Sefton et al. 198 1, Olavaria & Van Sluyters 
1982, Schofield et al. 1987, Hallman et al. 1988, Hubener & Bolz 1988, Dori et al. 1992). 
These cortical neurones have a thick apical dendrite, which terminates in cortical layer I 
(Schofield et al. 1987, Larkman & Mason 1990, Mason & Larkman 1990, Rumberger et al. 
1998). Cortico-tectal neurones send collaterals to other areas including the pons (Hallman 
et al. 1988). Projections from different areas of cortex terminate in different SC laminae 
(Lund 1966). The principal projection from area 17 terminates in deep SGS and upper SO 
(although a small projection extends up to the collicular surface). 18a Qateromedial, 
laterointermediate and laterolateral regions) terminates deep in SO and SGI, with a light 
input to lower SGS. Area 18 projection does not have a superficial projection, with all 
terminals being present in deep SC regions (Harvey & Worthington 1990). Retinal and 
cortical afferents to SSC cells represent the same point in visual space. 
1.2.4 Other SSC Afferents 
The most important and largest afferent innervation of the SSC is from the retina and areas 
of visual cortex. However, many other structures in the rat send afferent fibres to the SC 
although the functional and physiological nature of many of these connections is unknown. 
Some of these connections to the SSC are shown in Table 3. 
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Table 1.3 - Afferent projections to the SSC 
Projection From: Reference: 
Contralateral SC Bickford & Hall 1989, Hilbig et al. 2000 
Intergeniculate leaflet Taylor et al. 1986, Moore et al. 2000 
Parabigerninal nucleus Pasquier & Trarnezani 1979, Watanabe & 
Kawana 1979, Stevenson & Lund 1982a, 
1982b, Linden & Perry 1983, Sefton & 
Martin 1984, Taylor et al. 1986 
Anterior Pre-tectal nucleus Foster et al. 1989 
Posterior pretectal nucleus, nucleus of the Taylor et al. 1986 
optic tract 
Dorsal Raphe Waterhouse et al. 1993 , Villar et al. 1988 
Locus coeruleus Waterhouse et al. 1993 
Posterior commisure Taylor et al. 1986 
Prepositus Hypoglossi nucleus Ohtsuki et al. 1992 
External ventral lateral geniculate nucleus Brauer & Schober 1982 
Dorsal & Ventral nuclei of the lateral Tanaka et al. 1985, Taylor et al. 1986 
lernniscus 
Retrosplenial cortex Garcia Del Cano et al. 2000 
1.2.5 SSC Efferent Connections 
The most important connections from the SSC are to two thalamic nuclei, the lateral 
geniculate nucleus (Brauer et al. 1979, Perry 1980, Pasquier & Villar 1982, Mackay-Sim et 
al. 1983, Reese 1984, Taylor et al 1986, Reese 1988, Turlejski et al. 1993, Hilbig et al. 
2000) and the lateral posterior nucleus of the pulvinar (Perry 1980, Mason & Groos 198 1, 
Donnelly et al. 1983, Taylor et al. 1986, Takahashi 1995, Hilbig et al. 2000). These 
thalamic nuclei project to areas of visual cortex. The tecto-geniculate projection originates 
exclusively from the caudal two thirds of the SC, (Mason & Groos 198 1, Harting et al. 
199 1) and terminates in the postero-dorsal part of the dorsal lateral geniculate (dLGN, 
Reese 1984). 
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The SSC also projects to other thalamic regions, including the ventral lateral geniculate 
(vLGN, Pasquier & Villar 1982, Linden & Perry 1983, Mackay-Sim et al 1983, Sefton & 
Martin 1984, Takahashi 1985, Taylor et al. 1986), the intergeniculate leaflet (Taylor et al 
1986) and the suprageniculate nucleus which originates in the SO layer of the SC (Linke 
1999). There are also a number of projections that are functionally poorly characterized, 
these are summarized in Table 4. 
Table 1.4 - Efferent connections from the SC 
Projection to: Reference: 
Parabigerninal nucleus Taylor et al. 1986, Hilbig et al. 2000 
Olivary pretectal nucleus Taylor et al. 1986 
Anterior pretectal nucleus Takahashi 1985, Taylor et al. 1986 
Pretectal nucleus Martin & Se fton 1981 
Posterior commisure Taylor et al. 1986 
Zona incerta Taylor et al. 1986 
Habenula Taylor et al. 1986 
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1.3 Receptive Field Properties of Visually Responsive Neurones in the 
Superficial Layers 
Although the response properties of visually responsive cells in the SSC have been 
examined most extensively in the cat (see Mcflwain & Buser 1968, Sterling & Wickelgren 
1969, Berman & Cyander 1972, Dreher & Hoffmann 1973), a number of different studies 
have characterised the response properties of cells in the rat SSC. A summary of findings 
is shown in Table 5. Although the work has been carried out in a number of different 
laboratories, there is a high degree of consistency in the observed results. 
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1.4 Pharmacology of the Rat Superior Colliculus 
There is evidence that a number of different neurotransmitter receptors are present in the 
SSC and that some of these neurotransmitters are known to affect the responses of neurones 
in the SSC. Only known effects relating to neurotransmitters and receptors in superficial 
layers of the rat are discussed at length in this section. For a more thorough discussion of 
transmitters involved in deep SC and in other species see Binns 1999. 
1.4.1 Glutamate 
Retinal or cortical deafferentation results in a decrease of glutamate in the SC (Lund- 
Karlsen & Fonnum. 1978, Fosse & Fonnum 1986, Sakurai et al. 1990, Sakurai & Okada 
1992, Ortega et al. 1995, Li et al. 1996) and immunohistochemistry in the cat has shown 
that glutamate is located in retinal and cortical terminals to the SC (Mize & Butler 1996, 
Jeon et al. 1997). Retrograde labelling of the cortico-collicular projection labels cells in the 
visual cortex which are glutamate and aspartate immunopositive (Dori et al. 1992). 
Immunohistochemical studies show that ionotropic glutamate receptors (NMDA and 
AMPA) are located in the rat SSC (Petralia & Wenthold 1992, Petralia et al. 1994, Kondo 
et al. 2000). Cultured cortico-collicular neurones express both AMPA and NMDA 
receptors (Grantyn et al. 1987, Huettner & Baughman 1988). Metabotropic glutamate 
receptors are also found in the SSC and this is discussed in detail in Chapter 2. 
Synaptic transmission in the SSC is mediated by ionotropic glutarnate receptors (Lo et al. 
1998). Transmission is mainly mediated via the AAVA sub-type although a smaller 
component is mediated by NNDA receptors (Roberts et al. 199 1). Experiments in the rat 
(Roberts et al. 199 1, Binns & Salt 1998) and cat SSC (Binns & Salt 1996) demonstrate that 
visual responses are not sensitive to the NMDA antagonist AP5 in all cells. In these same 
experiments, when the cortex was temporarily inactivated by local anaesthetic, SSC 
neurones that were previously "AP5 sensitive" became "AP5 resistant". One interpretation 
of these data could be that NMDA receptors are only involved in cortico-collicular and not 
retino-collicular transmission, although NMDA receptors are also present at the retino- 
collicular synapse. 
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An alternative interpretation is that NMDA receptors are only activated when several inputs 
co-incide, resulting in membrane depolarisation, thereby relieving magnesium blockade of 
the NMDA receptor ion channel (Egebjerg 1996). When the cortex is inactivated, temporal 
overlap of inputs to SSC neurones is less likely to occur, which produces conditions that do 
not favour NMDA receptor activation. It is proposed that such a model of NMDA receptor 
activation in the SSC could integrate retinal and cortical inputs which may facilitate the 
generation of appropriate motor responses in response to an important environmental 
stimulus (Binns & Salt 1996). 
A number of studies have proposed the existence of a synaptic triad whereby retinal 
terminals form synapses with both the relay cells and inhibitory intemeurones, a third 
synapse is formed by the intemeurone and relay cell (Lund 1969, Mize 1992, Lo et al. 
1998). Feed-forward inhibition is produced by the retinal afferent-interneurone synapse. In 
the cat (Binns & Salt 1995), it was found that response habituation could be reduced during 
application of ionotropic glutamate, receptor antagonists or i. v. injection of ketamine (an 
NMDA channel blocker), this could be due to a reduction in glutamatergic drive of 
inhibitory interneurones which are involved in the generation of habituation. 
1.4.2 GABA 
Injection of both GABA agonists and antagonists into the SC produces a complex range of 
behaviours including both approach and avoidance responses (see Dean & Redgrave 1992 
and Okada 1992 for reviews). These effects are dependent upon a number of experimental 
considerations, most importantly the site of injection in the SC. As behavioural responses 
can be modified by inhibition of GABAergic transmission, this suggests that neurones in 
the SC that mediate behavioural outcomes are subject to tonic inhibitory control. 
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The SGS has a large number of intrinsic GABAergic neurons (Lund-Karlsen & Fonnum 
1978, Pinard et al. 1990, Warton et al. 1990, Mize 1992) and receives a small number of 
GABAergic retinal inputs (Caruso et al. 1989). Binding studies also indicate that there is a 
high density of GABA receptors in the SSC (GABAA- McCabe & Wamsley 1986, Pinard 
et al. 1990, GABAB- Bowery et al. 1987, Lu et al. 1999, GABAc - Wegelius et al. 1998). 
GABAAreceptor sub-unit immunoreactivity has also been found in the SSC (Pirker et al. 
2000). 
lontophoretically applied GABA has been found to have inhibitory effects on SSC 
neurones (Kayama et al. 1980) although not all cells in this study were sensitive to GABA 
application. The authors of this study used the anatomical data of Langer and Lund (1974) 
to suggest which cells were GABA insensitive. Cells defined "GABA insensitive" in the 
Kayama et al. study included pyriform, narrow field and wide field vertical cells - all 
putative relay cells. These results are surprising given that in a more recent study (Binns & 
Salt 1997a), visually responsive SSC neurones were shown to be sensitive to GABA 
agonists. In this study, GABAAantagonists reduce surround inhibition whilst GABAB 
antagonists reduce the extent of response habituation. This study proposes that horizontal 
cells with their wide horizontal dendritic spread are a possible candidate for mediating 
surround inhibition, mediating their effect via the GABAAreceptor, with Stellate cells 
mediating response habituation. In this way, GABA is able to have functional effects that 
enable the animal to accurately locate a new visual event. An alternative location for 
GABABreceptors could include the terminal of the retinal afferent where they may also 
participate in the generation of response habituation by downregulating glutamate release 
during high frequency transmission. Pre-synaptic GABABreceptors are present on retinal 
afferents to the rat LGN (Emri et al. 1996) and this may also be the case for the SSC. 
In a slice preparation (Pasternack et al. 1999), GABAA activation inhibits postsynaptic 
potentials, whilst GABAc activation appears to potentiate the postsynaptic response. 
Immunocytochernistry reveals that GABAc receptors have terminal locations on 
interneurones in the SGS (Pasternack et al. 1999) suggesting that GABAc receptors could 
produce an excitatory effect in the SC by disinhibition. 
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Long term potentiation (LTP) in-vivo in the SSC can be elicited when the ipsilateral visual 
cortex is removed and GABA antagonists are applied suggesting that corticotectal neurones 
inhibit UP formation in the SSC via GABAergic inhibitory neurones (Shibata, et al. 1990, 
Hirai & Okada 1993). 
1.4.3 Acetylcholine 
Fibre and terminal staining for the acetylcholine synthesising enzyme, choline 
acetyltransferase (CAT, Tan & Harvey 1989) and acety1cholinesterase activity (enzyme 
which terminates Acetylcholine and peptide activity, Beninato & Spencer (1986) has been 
shown in the SSC. Retrograde labelling techniques indicate that the source of the CAT 
labelling arises from cells in the ipsilateral parabigeminal nucleus (Tan & Harvey 1989). 
Both nicotinic (Hunt & Schmidt 1978, Segal et al. 1978) and muscarinic receptors (Rotter 
et al. 1979, Nonaka & Moroji 1984) have been localized in the SSC. 
In an in-vivo preparation (Binns & Salt 2000) application of the nicotinic agonist lobeline 
causes a depression of the visual response and reduces the effect of AVEPA evoked 
responses. The effects of lobeline can be blocked by co-application of a GABAB 
antagonist. It is likely that parabigeminal afferents release acetylcholine which activates 
nicotinic receptors on retinal terminals, resulting in an increase in glutamate release. This 
increase in glutamatergic transmission activates GABAergic interneurones which release 
GABA onto relay cells in the SSC. The effect of GABA on these relay cells is mediated 
via the GABAB receptor and results in a decrease of relay cell activity. 
1.4.4 Adenosine 
There are high levels of adenosine (A, ) receptors in the SGS (Fastbom et al. 1987). A2 
receptors are also present in the SSC although autoradiographic labelling is not lost 
following enucleation suggesting that these receptors are not located on retinal terminals 
(Ishikawa, et al. 1997). 
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Evoked potentials in the SSC can be enhanced following application of adenosine uptake 
inhibitors or microdialysis application of adenosine in-vivo (Hirai & Okada 1995) or 
following an increase in the concentration of endogenous adenosine in the CSF (Ishhikawa 
et al. 1997). Application of adenosine or inhibitors of adenosine deaminase increases 
glutamate release (Hirai & Okada 1994), with the effects mediated via both Al and A2 
receptors. 
1.4.5 Angiotensin 
Two different receptors for Angiotensin 11 called AT, and AT2have been localized 
postsynaptically in the SSC (Gehlert et al. 199 1, Hunt & Walmsley 1993, Michels et al. 
1994). Injection of angiotensin II into the SC suppresses visually evoked potentials 
(Marois et al. 1996, Merabet et al. 1997) an effect mediated primarily via AT, receptors. It 
is possible that when angiotensin is released into the bloodstream in response to a change in 
the physiological state of the animal it is able to modify the response properties of cells in 
the visual centres. Injection of Angiotensin 11 into the SC results in an increase in blood 
pressure and bradycardia (DaMico et al. 1997). 
1.4.6 Catecholamines 
Noradrenaline and dopamine are degraded by an intracellular enzyme called monoamine 
oxidase (MAO). Following enucleation, MAO staining disappears from the SGS 
(Nakajima et al. 1996,1998) although levels of noradrenaline are increased following 
visual cortex ablation (Fosse & Opstad 1986). The increase in noradrenaline following 
cortical ablation is thought to result from sprouting of noradrenergic fibres from the locus 
coeruleus. Dopamine uptake into membrane preparations from the rat SC has been 
examined (Weller et al. 1987) with the uptake rate about 20% of a striatal preparation. In 
this same study, dopamine and it's metabolites were also found in low concentrations. 
Both dopamine and noradrenaline have inhibitory effects on visual responses in the cat SC 
(Straschill & Perwien 1971). Immunoreactivity for a subtype of dopamine receptor, D5 has 
been found in the SC (Ciliax et al. 2000). 
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1.4.7 Opioid Peptides 
Opioid ligands can be divided into 3 groups, these include the enkephalins and dynorphins. 
Moderate enkephalin binding in cell bodies and fibres in the SSC has been described in 
immunohistochernical studies (Watson et al. 1977, Kachaturian et al. 1983). The SC has 
one of the areas of highest autoradiographic labelling following administration of 
radiolabelled diprenorphine (Atweh & Kuhar 1977). Interestingly, in this same study, 
several other regions associated with visual function also had high levels of diprenorphine 
binding. The possible role of opioid receptors in visual processing has yet to be 
investigated. 
1.4.8 NAAG 
The di-peptide NAAG is released in-vivo following electrical stimulation of the optic nerve 
(Tsai et al. 1990) although in this study, the extracellular concentration of glutamate was 
not increased following optic nerve stimulation. Immunoreactivity for NAAG is reduced 
following enucleation in the cat, indicating that NAAG may have a role in retino-collicular 
transmission (Tieman et al. 199 1). A physiological role for NAAG has not yet been 
described in the rat SSC although NAAG may be an agonist at mGluR3 receptors (Ghose et 
al. 1997) which are present in the rat SSC (see Chapter 2). 
1.4.9 Nitric Oxide 
Nitric Oxide Synthase (NOS, the enzyme that synthesises NO) has NADPH-diaphorase 
activity that can be used to detect NOS positive neurones. NADPH-d positive neurones are 
present in the SSC (Gonzalez-Hernandez et al. 1992). NOS immunoreactivity is found in 
the SSC (Bredt et al 1990) and in-situ hyrbridization reveals NOS mRNA expression in the 
SC (Bredt et al. 199 1). As yet, a functional role for nitric oxide (NO) in visual 
transmission has not been determined in the SSC although there is evidence for NO being 
present in the SC. However, injection of nitric oxide synthase (NOS) inhibitor L-NAME 
causes an increase in blood pressure (DaMico et al. 1998). 
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1.4.10 Serotonin 
There is evidence for serotonin (5-HT) being a transmitter in the SSC of the rat. High 
levels of serotonin have been found in the SC using a biochemical assay (Weller et al. 
1987) as well as high affinity re-uptake sites (Biegon & Rainbow 1983, De Souza & Kuyatt 
1987, Choi et al. 2000). Although there are no serotonergic neurones in the SSC of the rat 
(Bennett-Clarket et al. 199 1) many immunopositive fibres are found suggesting that there 
are serotonergic SSC afferents (Dori et al. 1998). The SC receives serotonergic projections 
from the nuclei raphe dorsalis, raphe medianis raphe pontis and periaqueductal gray (Beitz 
et al. 1986). These nuclei also send collaterals to the LGN (Villar et al. 1988). 
Evidence indicates that some 5-HT receptors are located on retinal terminals as ablation of 
one eye results in a large reduction in serotonin binding in the SC (Segu et al. 1986, 
Boulenguez et al. 1993). It has been suggested that the receptor type present on retinal 
terminals is the 5-HT IB type (Boulenguez et al. 1993 & 1996), this has recently been 
confirmed by ultrastructural analysis of immunohistochemical data (Sari et al. 1999). 
Ablation of visual cortex does not affect the level of serotonin binding in the SSC 
(Boulenguez et al. 1993). Although enucleation results in a loss of 5-HTIB receptors on 
retinal terminals, serotonin turnover is increased in the SSC of enucleated animals (Vizuette 
et al. 1993) and 5-HT7 receptor expression also increases (Venero et al. 1997). Moderate 
5-HT6 receptor immunoreactivity has also been found in the intact SSC (Gerard et al. 
1997). 
1.4.11 Somatostatin 
Immunoreactivity for the peptide somatostatin has been identified in a number of visual 
structures in the rat (Laemle & Feldman 1985). Immunoreactivity in the SC was 
particularly pronounced in the SSC where labelling of both cell bodies and fibres was 
observed. The most frequently labelled cell type in the SSC was the fusiform, whereas 
narrow field vertical cells (one type of relay cell) were never immunopositive. 
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Although a functional role for somatostatin has yet to be ascribed, due to the intensity of 
fibre and neuronal staining found in visual centres which have reciprocal connectivity, it 
has been suggested (Laemle & Feldman 1985) that somatostatin may have a role in 
modulating the degree of responsiveness of areas involved in visuomotor reflexes. 
1.4.12 Neurotransmitters and Development of the SC 
Several neurotransmitters and neurotransmitter receptors may be involved in development 
of the SC as there are changes in the levels of different receptors during key developmental 
timepoints, NMDA receptors (Cline et al. 1987, Cline & Constantine-Paton 1989, 
Constantine-Paton et al. 1990, Hestrin 1992, Simon & O'Leary 1992, Shi et al. 1997, Binns 
& Salt 1998, Ernst et al. 1998, Binns et al. 1999), Nitric Oxide (Tenorio et al. 1995, 
Tenorio et al. 1996, Mize et al. 1997, Ernst et al. 1998, Mize et al. 1998), GABA (Warton 
et al. 1990, Sakatini et al. 1992, Shi et al. 1997, Lim & Ho 1998), Serotonin (Dori et al. 
1998), Substance P (Behan et al 1993) and Angiotensin receptors (Michels et al. 1994) 
have all been implicated in development of the SC. 
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1.5 Summary 
It is apparent that the SC is able to participate in processing of sensory information at both 
the primary and secondary level. Studies of collicular function in different species indicate 
that the basic superficial/deep, multimodal and motor output organization are broadly 
similar, even when comparing the optic tecturn (the non-mammalian SC homologue), with 
the SC of higher mammals. It is therefore likely that the optic tectum/SC is an 
evolutionarily ancient centre with functional capabilities that are well conserved in higher 
order animals. In higher mammals, with their well developed retino-geniculate system, the 
contribution of the SSC to visual processing is controversial. However, it is likely that the 
SC still has important visual capabilities, even in man as suggested in patients with 
substantial lesions of visual cortex (Blythe 1986,1987) where motion detection remains. 
The SC, in particular the deeper layers receive afferents from a wide range of both sub- 
cortical and cortical structures enabling it to integrate different sensory modalities. 
Different studies have shown that the SC is capable of employing a large range of 
neurotransmitter systems which may ultimately result in modulating the behavioural 
response of the animal. Descending pathways from the SC that are responsible for the 
generation of motor and autonomic responses make terminal connections with a large 
number of brain areas suggesting that the SC is able to generate a wide range of appropriate 
responses to the environment. 
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2.0 Metabotropic Glutamate Receptors 
2.1 Glutamate and Glutamate Receptors 
Glutamate is present in high levels in both the central and peripheral nervous system and is 
an important intermediary in metabolic pathways, and a constituent of proteins. 
Experiments conducted in the late 1950's and early 1960's demonstrated that application of 
glutamate had powerful excitatory effects on central neurones in both invertebrate and 
vertebrates. It is now widely accepted that glutamate is likely to be the most ubiquitous 
mediator of fast excitatory transmission in mammalian brain (for reviews see Monaghan et 
al. 1989, Nakanishi 1992). 
Glutamate is synthesised in the nerve terminal from two sources, one from glucose via the 
Krebs cycle and subsequent transamination of (x-oxoglutatrate. Alternatively, glutamine 
can be synthesised in glia which is taken up by nerve terminals then converted by 
glutaminase into glutamate. Glutamate is stored in vesicles in the terminal until released by 
a calcium dependent exocytotic process. Glutamate activity is terminated by high affinity 
glutamate transporters in the presynaptic terminals. Glutamate release is also inhibited by 
autoreceptors as discussed in section 2.7.4. 
Glutamate mediates fast excitatory transmission by activating receptors which are directly 
coupled to ion channels, these are called ligand gated ion channels or ionotropic glutamate 
receptors (iGluRs). iGluRs are named after their selective agonists, AMPA, Kainate and 
NMDA (Watkins & Evans 198 1, Monaghan et al. 1989). In the presence of high 
concentrations of AMPA and NMDA, binding of radiolabelled glutamate still occurs 
(Catania et al. 1994) indicating that there are other sites for glutamate binding in the brain. 
Glutamate can also activate receptors that are coupled to G-proteins and activate 
intracellular second messenger systems, these receptors are called metabotropic glutamate 
receptors (mGluRs). Due to the existence of ionotropic and metabotropic receptors, 
glutamate is able to produce fast excitatory effects (over a few msecs) and modulate the 
response at the same synapse over a longer time course (secs to mins and longer timescale). 
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In the relatively short period of mGluR research, mGluRs have been shown to be involved 
in many physiological processes, just a few examples include long term potentiation 
(O'Connor et al. 1994), long term depression (Kamishita et al. 1995), glutamate induced 
neurotoxicity (McDonald et al. 1993), neuroprotection (Maise et al. 1996) and hyperalgesia 
(Boxall et al. 1996, Fisher & Coderre 1996). The data presented in this thesis 
demonstrates that mGluRs are involved in synaptic transmission and that the responses of 
cells in the SSC may be modulated by mGIuRs. 
2.2 lonotropic Glutamate Receptors 
The "Non-NMDA" receptors (ANVA and Kainate subtypes) are directly coupled to an ion 
channel which is permeable mainly to Na+. The ion channel conductance is generally lower 
than NMDA receptors (200fs-30ps), with a decay time of around lOms, (Colquhoun et al. 
1992). Conductance varies with sub-unit composition (Sommer & Seeburg 1992, Sommer 
et al. 1990). ANWA receptors are formed of homomeric and heteromeric compositions of 
GluRI-4 sub units. Kainate receptors are formed of homomeric and heteromeric 
compositions of GluR5-7 and KA- I and KA-2 sub units (Seeburg 1993, Edmonds et al. 
1995). GluRI-4 sub-units have been identified in the SC by immunohistochemistry 
(Petralia & Wenthold 1992) with moderate staining throughout the SC and slightly denser 
staining in the superficial grey. AMPA (and to a lesser extent NNMA) iGluRs participate 
in visual synaptic transmission in the SSC (Roberts et al. 199 1, see Chapter 1.4.1). Kainate 
receptors have also been located in the SSC (Wisden & Seeburg 1993, Petralia et al. 1994). 
2 
NNMA receptors are coupled to ion channels which are permeable to Na+ and Ca +. The 
ion channel has a conductance of around 150ps, with a decay time of approx 20OMS 
(Verdoorn et al. 199 1). At hyperpolarized potential, the ion channel is blocked by Mg2+ 
Sustained depolarisation (presumably resulting from persistent non-NMDA receptor 
activation) will cause the Mg2+ to be expelled from the ion channel, thereby allowing Na + 
and Ca 2+ to enter the cell. The NMDA receptor also has a binding site for its co-agonist 
glycine, and co-agonist binding must occur before the receptor is activated. 
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NMDA receptors are formed of NRI and NR2 sub-units, of which there are 4 NR2 sub- 
units called NR2A, B, C and D (Egebjerg 1996). In the SC, the NR- I sub-unit has been 
localised by immunohistochernistry (Petralia et al. 1994) with moderate staining in the 
superficial grey and denser staining in the deeper layers. 
2.3 Structure of mGluRs 
The existence of glutamate receptors directly coupled to second messengers, was first 
described in the mid 1980's (Sladeczek et al. 1985, Sugiyama et al. 1987). In experiments 
with cultured neurons, glutamate and quisqualate were found to hydrolyse inositol 
phospholipids, which was reversed by inhibitors of Gi and G,, proteins (Sugiyama et al. 
1987,1989). In 1991, the first mGluR (now called mGluRl a) was cloned (Houamed, et al. 
199 1, Masu et al. 199 1), subsequently cloned receptors are named according to their order 
of discovery. 
At present, 8 mGluRs in the rat have been cloned, (called mGluRI - mGluR8) and these 
can be divided into 3 groups by sequence homology, pharmacology and 2 nd messenger 
pathway (Conn & Pin 1997). There is approximately 70% sequence identity between 
receptors of the same group, and approx. 45% sequence identity between the different 
groups of mGluRs (Pin & Bockaert 1995). Some human mGluRs have also been cloned 
and these share a surprisingly similar sequence with corresponding rat mGluRs (-94%, Wu 
et al. 1998). Group I includes mGluR1 and mGluR5, Group 11 mGluR2 and mGluR3, and 
Group M mGluR4,6,7 and 8. There are also splice variants for several mGluRs and these 
include mGluR1 a, b&c (Pin et al. 1992), mGluR4a and b (Iversen et al. 1994), mGluR5a 
and b (Minakami et al. 1993, Joly et al. 1995, Yamaguchi & Nakanishi 1998), mGluR7a 
and b (Ohishi et al. 1998) and mGluR8a and b (Ohishi et al. 1998). 
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Although mGluRs have a classical "7TM" receptor structure, with transmembrane helices 
passing across the cell membrane seven times, the amino acid sequence and structure is 
dissimilar to other G-protein coupled receptors. In common with iGluRs, mGluRs have a 
very large N terminal extracellular domain (Okamoto et al. 1998) containing regions 
critical for agonist selectivity (O'Hara et al. 1993, Takahashi et al. 1993, Okamoto et al. 
1998, Kunishima et al. 2000). Correct compartmentalisation of mGluRs in the membrane 
is dependant upon a protein called Homer (Ango et al. 2000). There are three intracellular 
and extracellular loops, the large and variable 2dintracellular loop contains regions 
important for G-protein coupling specificity (Francesconi & Duvoisin 1988, Pin et al. 1994, 
Gomeza et al. 1996). The receptor is coupled to different G proteins that in the inactive 
state bind guanosine diphosphate (GDP) and once activated bind guanosine triphosphate 
(GTP). The cytoplasmic C terminal contains a region where phosphorylation by protein 
kinase C (PKQ occurs, causing receptor desensitisation (Gereau & Heinemann 1998). The 
C terminals are not conserved in different mGluR groups (Pin & Duvoisin 1995). 
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2.4 Transduction Mechanisms of mGluRs 
mGluRl responses appear to be at least partially sensitive to pertussis toxin (PTX, Aramori 
& Nakanishi 1992) indicating that mGluR1 may couple to Gj- proteins, although mGluR5 
effects are PTX resistant (Abe et al. 1992). Group U and III mediated effects can be 
inhibited by pertussis toxin indicating that they may be coupled to Gi proteins. PKC may 
interfere with G-protein coupling as stimulation of PKC has been shown to abolish agonist 
effects at both Group II and III (Swartz et al. 1993, Tyler & Lovinger 1995, Herrero et al. 
1996, Macek et al. 1998) and Group I (Aramori & Nakanishi 1992, Thomsen et al. 1993). 
PKC stimulation may occur due to activation of other neurotransmitter systems such as 
adenosine indicating the potential for "cross talk" between different neurotransmitter 
systems. 
The transduction mechanisms by which mGIuRs mediate effects have been determined in a 
number of systems, commonly by expressing the receptor in a non-neuronal cell. It is 
important to consider that under physiological conditions, it is possible that coupling to 
other second messengers may occur. 
The exact transduction mechanisms in intact native neurones and glial cells will be more 
complex due to the presence of effector systems which are not present in cell lines used in 
expression systems (Saugstad et al. 1994, Prezau et al. 1994, Casabona et al. 1997, Conn & 
Pin 1997, Ternpia et al. 1998). Also, in expressions systems, receptors may be 
"overexpressed" which may lead to receptors coupling to inappropriate second messengers. 
In expression systems, Group I mGluRs stimulate phospholipase C (PLC) which stimulates 
membrane phosphoinositide (PI) hydrolysis (Houamed et al. 199 1, Masu et al. 199 1, Abe 
et al. 1992, Pin et al. 1992, Netzeband et al. 1997). Phosphatidylinositol-4,5-bis-phosphate 
(PIP2) is the primary substrate for PLC and results in the formation of inositol- 1,4,5- 
triphosphate OPO and diacylglycerol (DAG, Scholz & Palfrey 199 1). 
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IP3 releases calcium from intracellular stores (Murphy & Miller 1988), thereby increasing 
the levels of cytosolic calcium which may then interact with a variety of intracellular 
targets including protein kinases, phosphatases and ion channels. The kinetics of Ca 2+ 
release are variable in mGluR1 splice variants suggesting varying G-protein affinity. 
Immunocytochernical localization for mGluRl reveals that in a number of brain areas, 
mGluRl receptor protein is present in the absence of mRNA for IP3 receptors (Fotuhi et al. 
1993), PKC and IP3 receptors are also differentially distributed (Worley et al. 1986,1989) 
indicating that Group I mGluRs may also activate other intercellular messengers. DAG 
stimulates protein kinase C (PKQ by lowering the calcium requirement required for 
activation. Increases in DAG also activate DAG-specific phospholipases which result in 
the formation of arachidonic acid (AA). AA serves as a substrate for cyclooxygenase and 
lipoxygenase, leading to the production of prostaglandins and leukotrienes which have 
many cellular and intracellular effects. AA formation, coupled with a rise in cytosolic Ca2+ 
may activate guanylyl cyclase, resulting in elevation in cyclic guanosine monophosphate 
(cGMP). Application of mGluR agonists can result in cGMP accumulation, an effect 
which is blocked by nitric oxide synthase (NOS) inhibitors indicating that nitric oxide is 
involved as a downstream messenger in this effect (Okada 1992). 
Group I mediated PI hydrolysis may be facilitated by activation of Group II receptors 
(Schoepp et al. 1996) suggesting that there may be a synergistic interaction between these 
two receptor groups. Group I mGluRs (Aamori & Nakanishi 1992, Gabellini et al. 1993, 
Joly et al. 1995, Paolillo et al. 1998) and possibly Group H rnGluRs (Sortino et al. 1996) 
have also been shown to increase cyclic adenosine monophosphate (cANW) in some 
expression systems and native cell types. It is unclear whether mGluRs are directly 
positively coupled to adenylyl cyclase (AC) or whether increases in cAMP occur as a result 
of Ca 2+ release from internal stores which can activate Ca2+/calmodulin sensitive AC. 
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Group H (Tanabe et al. 1993, Schoepp et al. 1995, Bruno et al. 1995, Wright & Schoepp 
1996) and Group III mGluRs (Kristensen et al. 1993, Nakajima et al. 1993, Tanabe et al. 
1993, Okamoto et al. 1994, Saugstad et al. 1994) are predominantly negatively coupled to 
adenylate cyclase (AC) and inhibit forskolin induced cAW formation. This effect is 
inhibited by pertussis toxin indicating that G, proteins are likely to be involved in this effect 
(Gilman 1989, Prezeau et al. 1992, Baba et al. 1993). The extent of AC inhibition is less 
for Group 1111 mGluRs in comparison with Group H mGluRs which could indicate that 
Group Ell receptors may be coupled to different 2 nd messengers in native systems. 
In the hippocampus (Holler et al. 1993, Boss et al. 1994, Klein et al. 1997), there is 
evidence of an mGluR which is coupled to phospholipase D (PLD). L-cysteine-sulfinic 
acid (L-CSA) an endogenous excitatory amino acid potently activates this receptor, 
whereas glutamate has a lower potency (Boss et al. 1994). Activation of PLD results in the 
formation of phosphatidic acid (PA) which can be converted by phosphatidate 
phosphohydrolase to DAG which may then activate PKC. 
2.5 Evidence for mGluRs in the SSC 
Immunohistochernical and in-situ hybridization techniques have been used to determine the 
distribution of different mGluRs in the brain and some of these studies have shown that the 
protein or mRNA for mGluRs is present in the SSC. 
Immunohistochernical studies use antibodies that will label receptor proteins by identifying 
unique amino acid sequences in the receptor. Potential problems with the use of antibodies 
are that non-specific binding can occur, splice variants may not be recognised and binding 
to an uncharacterized protein (which contains the same recognition sequence) may occur. 
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It should also be remembered that the presence of immunolabel does not necessarily imply 
the existence of functional receptors, as "internalised" receptors may also be labelled with 
the antibody. However, immunohistochernical methods are a good way to identify the 
location of receptors, and once labelling has occurred, it may be possible (with additional 
processing of the tissue) to determine the cellular location of the labelled receptor using 
electron microscopy. 
In-situ hybridization techniques label specific mRNA. It is important to remember that 
mRNA is present in the cell body, therefore in-situ studies do not give information as to the 
cellular location of receptors. When looking for mRNA in any particular brain region, 
inputs to the area of interest should also be examined as the cell bodies of the afferents may 
be positive for the receptor of interest. For example, when looking for mGluRs in the SSC 
it will be necessary to examine the levels of expression in the retina and visual cortex, 
although it is also important to remember that receptors made in the cell body are not 
necessarily transported to the neurone terminal, but may become functional receptors at the 
cell body or dendrites. Table 2.1 summarises data from several immunohistochemical and 
in-situ studies which indicate that several mGluRs are likely to be present in the rat SSC. 
Examination of other brain areas reveals that certain mGluRs are located in predominantly 
pre-synaptic or post-synaptic locations. Group I receptors appear to be predominantly post- 
synaptic (Thalamus: Martin et al. 1992, Striatum: Shigemoto et al. 1993, Hypothalamus: 
van den Pol et al. 1995, Shigernoto et al. 1997) although they are also found in pre-synaptic 
locations (Romano et al. 1995), whilst Group III receptors are predominantly pre-synaptic 
(Spinal cord: Ohishi et al. 1995, Hippocampus: Shigemoto et al. 1996,1997, Olfactory 
bulbs: Wada et al. 1998) although a postsynaptic location for Group 1111 receptors has been 
shown (Hippocampus: Bradley et al. 1996, Retina: Brandstatter et al. 1996, Locus 
Coeruleus: Bradley et al. 1998, Cerebellum: Phillips et al. 1998). Group U receptors are 
located in both pre and post synaptic locations (Hippocampus: Neki et al. 1996, Shigemoto 
et al. 1997, Cerebellum: Ohishi et al. 1994, Neki et al. 1996). 
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There is also evidence for the "extrasynaptic" or "preterminal" location of Group 11 
receptors in some brain areas (Hippocampus: Lujan et al. 1997, Shigemoto et al. 1997, 
Cerebellum: Lujan et al. 1997, Olfactory bulbs: Wada et al. 1998, Spinal cord: Azkue et al. 
2000). In the hippocampus cerebellum, and dLGN, Group I mGluRs have been shown to 
be preferentially located at the periphery of the postsynaptic density (Baude et al. 1993, 
Lujan et al. 1996,1997, Vidnyanszky et al. 1996). It has been suggested (Lujan et al. 
1997) that these "extrasynaptic" mGluRs may be activated when there is a high 
concentration of glutamate at the synapse with "spillover" or diffusion from the central 
synaptic cleft to extrasynaptic mGluRs (Scanziani et al. 1997, Dube & Marshall 2000, 
Mitchell & Silver 2000). In experiments where glutamate scavengers are used, the 
involvement of presynaptic mGluR autoreceptors is reduced (Min et al. 1998) whilst 
mGluRs have a greater effect if the diffusion of glutamate within the synaptic cleft is 
retarded (Maki et al. 1994). It has also been suggested (Baude et al. 1993) that mGluRs 
may be located at the periphery of synapses due to spatial constraints involving free 
movement of G-proteins and associated 2 nd messengers. There is also evidence from the 
hippocampus, that mGluRs are selectively targeted to specific terminals which is dependent 
on target cell innervation (Scanziani et al. 1998). 
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2.6 mGluR Pharmacology 
Early investigations of mGluR function were hampered by a lack of specific mGluR 
agonists and relied on the use of agonists which also have activity at iGluRs such as L- 
glutamate, ibotenate and quisqualate, sometimes in the presence of iGluR antagonists. 
Glutamate is a flexible molecule which is thought to exist in a number of conformations. 
Many mGluR agonists are rigid glutamate analogs where one carboxyl group is substituted. 
Such compounds include the first two specific mGluR agonists trans-ACPD (of which 
I S, 3R-ACPD is the active isomer, Irving et al. 1990) and L-AP4 (Schoepp & Hilman 
1990). Due to L-AP4 reducing glutamate or ibotenate mediated effects, some early studies 
describe L-AP4 as a "glutamate antagonist" (Koerner & Cotman 1981, Nicoletti et al. 
1986). lS, 3R-ACPD is an agonistat both Group I and Group 11 receptors and was widely 
used in early studies to probe physiological function of mGluR activation. The use of 
I S, 3R-ACPD in intact neurones which are likely to express a variety of glutarnate receptors 
(rather than expression systems which only express mGluRs from one group) has been 
problematic and it is likely that the findings of some of these early studies may need to be 
revised in context of recent knowledge concerning expression of different mGluRs in 
specific preparations. Pharmacological characterization of putative mGluR ligands has 
relied heavily upon the activity of ligands at cloned receptors expressed in non-neuronal 
cell types. Pharmacological characterization in expression systems has an advantage in that 
the effect at a specific receptor can be examined, whereas in native neuronal systems, 
neurones may express more than one type of mGluR. However, use of cloned expression 
systems may be problematic in that reported potencies in expression systems may be 
different for a receptor in the native environment (Conn & Pin 1997). 
Investigation of mGluR physiology have also been compounded by a lack of suitable 
antagonists, although a series of phenylglycines and their derivatives has yielded some 
suitable compounds with antagonist and agonist activities. One of these early compounds 
was MCPG (antagonist at both Group I and 11) and has been a useful drug in probing 
mGluR synaptic function (Eaton et al. 1993). 
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Recently, many compounds have been identified which appear to have good selectivity for 
the three groups of receptor and in some cases selectivity for individual receptors within 
each group. Molecular biology and receptor modelling techniques have revealed important 
information on mGluR ligand binding sites offering the possibility for the design of 
receptor specific antagonists (Litschig et al. 1999). Some of the more useful compounds 
for investigating the functional role of mGluRs are described in table 2.2.3,5-DH: PG 
(Group 1), 2R, 4R-APDC (Group H) and L-AP4 (Group IH) are widely agreed to be 
amongst the most useful selective agonists with which to selectively activate each group of 
mGluRs. 
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2.7 Modulation of Synaptic Transmission by mGluRs 
As would be expected for G-protein coupled receptors, mGluR activation produces effects 
on a longer timescale than iGluR activation and generally mediates slow, modulatory 
effects rather than fast, excitatory transmission. One exception is at the photoreceptor-ON 
bipolar synapse in the retina, where mGluR6 mediates fast transmission and hyperpolarizes 
the ON-bipolar cell (Nakajima et al. 1993). It is thought that retinal mGluR6 is responsible 
for the "ON" response to visual stimuli which can be observed in the SC (Masu et al. 
1996), although a modified, late onset ON response can still be observed in mGluR6 
knockout mice (Sugihara et al. 1997). Some of the modulatory effects that mGluR may 
have upon synaptic transmission are described below. 
2.7.1 Modulation of Potassium Currents 
In a number of studies, activation of mGluRs produces excitatory effects including slow 
depolarisation and an increase in firing rate (Charpak et al. 1990, Pacelli & Kelso 199 1, 
Batchelor et al. 1997, Netzeband et al. 1997, Schoppa & Westbrook 1997, Schrader & 
Tasker 1997). These increases in cell excitability are due to a decrease in potassium 
conductance. Potassium currents are responsible for setting the resting membrane potential 
of neurones, repolarising the membrane following actions potentials and modulating the 
rate of repetitive spike discharge. mGluRs may affect a number of potassium currents 
including a reduction in potassium leak (1k. k, Charpak et al. 1990, Desai & Conn 199 1, 
Glaum & Miller 1992, McCormick & Krosigk 1992, Guerineau et al. 1994, Schrader & 
Tasker 1997), calcium dependent slow afterhyperpolarization current(IAIIP, Baskys et al. 
1990, Charpak et al. 1990, Desai & Conn 199 1, Gerber et al. 1992, Glaum & Miller 1992, 
Ceaser et al. 1993, Schrader & Tasker 1997, Zahorodna et al. 1998), slow non-inactivating 
voltage-dependent potassium current (Im, Charpak et al. 1990, Ikeda et al. 1995) and slow 
inactivating voltage -dependent current(IK(Slow), Luthi et al. 1996). 
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By inhibiting potassium currents, in particularlleakgmGluR agonists can increase the input 
resistance of the cell which facilitates the effect of other agonists whether they are 
inhibitory or excitatory (Bond & Lodge 1995). In the hippocampus (Halliwell & Adams 
1982), Im is activated when the membrane is slightly depolarised (- -60mV). A reduction 
of Im by mGluRs would therefore increase the extent of depolarisation and could potentiate 
the effect of concurrent synaptic inputs. 
Inhibition of IAHp results in a decrease in the interval between successive action potentials 
and a reduction in response accommodation. A decrease in response habituation following 
mGluR agonist application has been observed in a number of brain areas (Charpak et al.. 
1990, Pacelli & Kelso 199 1, Zheng & Gallagher 1992, Salt & Eaton 199 1) it is possible 
that some of these observed effects are due to a decrease in IAHp. IAHPis generated by 
influx of calcium from voltage gated channels which then activates low-conductance "SK 
potassium channels" (Lancaster & Adams 1986). A decrease in IAHpby mGluRs is 
believed to occur due to a reduction in potassium rather than calcium conductance as low 
doses of mGluR agonists reduce IAHpwithout significantly affecting levels of intracellular 
calcium (Charpak et al. 1990, Glaum & Miller 1992). Studies have revealed that neither 
PKC or protein kinase A (PKA, Gerber et al. 1992) are involved in the reduction of IAHPby 
mGluRs, which raises the possibility that G-proteins may directly couple to potassium 
channels. 
Group I mGluRs appear to be the predominant receptors involved in modulation of 
potassium currents (Desai et al. 1992, Davies et al. 1995, Gereau & Conn 1995a, Abdul- 
Ghani et al. 1996, Schrader & Tasker 1997). As well as inhibiting potassium currents, 
mGluRs have also been shown to activate K+ currents in some preparations. In the 
cerebellum, Group I mGluRs activate the calcium sensitive big potassium channel (BK, 
Fagni et al. 199 1, Chavis et al. 1998), activation of potassium conductances has also been 
demonstrated in other brain regions (Premkumar & Chung 1995). 
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Activation of calcium sensitive potassium currents is thought to account for the slow 
hyperpolarization sometimes observed following ACPD mediated depolarisation (Joels et 
al. 1989, Glaum et al. 1992, Takagi et al. 1992). mGluRs have also been shown to activate 
G-protein inwardly rectifying potassium channels (GERKS, Saugstad et al. 1996, Dutar et 
al. 2000). 
2.7.2 Modulation of Cation Channels 
mGluRs can also mediate excitatory effects by modulating cation currents in a number of 
brain areas, including calcium activated non-specific cation current (IcAN, charge carried by 
Mg 2+ , Cd 
2+ 
and Zn 
2+ 
, Crepel et al. 1994, Congar et al. 1997, Lee & Boden 1997, Guerineau 
et al. 1997), activation of Na+/Ca 2+ exchanger (Glaum et al. 1992, Staub et al. 1992, Linden 
et al. 1994, McBain et al. 1994) and calcium-independent non-specific cation channel 
(Pozzo et al. 1995). 
2.7.3 Modulation of calcium channels 
mGluR activation has been shown to reduce calcium currents in different brain regions, 
although the type of channel affected and receptor group involved is variable in different 
preparations. L-type channels may be inhibited by all three groups (Sayer et al. 1992, 
Chavis et al. 1994, Sayer 1998) whilst inhibition of N-type calcium channels appears to 
involve Groups I and 1I (Lester & Jahr 1990, Swartz et al. 1992, Trombley & Westbrook 
1992, Sahara & Westbrook 1993, Stefani et al. 1994, Chavis et al. 1995a, Ikeda et al. 1995, 
Choi & Lovinger 1996, McCool et al. 1996, Sayer 1998). The kinetics of N type channel 
mGluR mediated inhibition are fast and may involve a direct effect upon the channel by the 
activated G-protein (Kleuss et al. 199 1, Trombley & Westbrook 1992 ), whereas reduction 
of L-type channels is relatively slower. P/Q type channels have also been shown to be 
inhibited by Group H and III mGluR activation (Takahashi et al. 1996). 
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Group I mGluRs mobilize Ca2+ release from intracellular stores (Courtney et al. 1990, 
Llano et al. 199 1, Manzoni et al. 1991, Bossu et al. 1992, Zegarra-Moran & Moran 1993, 
Chavis et al. 1995a & b). In non-neuronal cell lines, mGluRl cc activation results in a 
single-peaked mobilization of CW+ from intracellular stores, whilst mGluR5a activation 
resulted in an oscillatory type release (Kawabata et al. 1996). This difference in calcium 
mobilization results from phosphorylation of a single amino-acid in the vicinity of 
transmembrane 7. Oscillatory type calcium mobilization has also been demonstrated in 
intact neurones following application of I S, 3R-ACPD (Woodhall et al. 1999). Group I 
mGluRs have also been shown to cause transient increases in calcium ion concentrations 
which do not result in a change in membrane potential (Takechi et al. 1998). Such calcium 
transients have been suggested to be involved in long term activity dependent changes in 
synaptic plasticity. 
2.7.4 mGluRs Regulate Release of Glutamate and GABA 
There is evidence for all three mGluR groups being involved in the downregulation of 
glutamate release in different brain regions (all three groups: Baskys & Malenka 199 1, 
Calabresi et al. 1993, Bonci et al. 1997, Dietrich et al. 1997, McCaffery et al. 1999, Group 
1: Lovinger 1991, Manzoni & Bockaert 1995, Gereau & Conn 1995b, Group 11: Lovinger 
199 1, Lovinger & McCool 1995, Group IH: Koerner & Cotman 198 1, Forsythe & 
Clements 1990, Johansen & Robinson 1995, Gereau & Conn 1995b, Pisani et al. 1997a) by 
functioning as presynaptic autoreceptors. mGluR mediated presynaptic inhibition of 
glutamate release could reduce the efficacy of high frequency transmission and contribute 
to response habituation. 
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mGluR agonists reduce both excitatory post synaptic currents (EPSCs) and inhibitory post 
synaptic currents (IPSCs) (Calabresi et al. 1993, Burke & Hablitz 1994. Bonci et al. 1997, 
Schrader & Tasker 1997). All mGluR groups have been demonstrated to reduce 
GABAergic transmission in a number of brain areas (Group 1: Desai & Conn 199 1, Pacelli 
& Kelso 1991, Calabresi et al. 1992, Glaum & Miller 1992, Gereau & Conn 1995b, 
Fitzsimonds & Dichter 1996, Bonci et al. 1997, Group 11: Desai & Conn 199 1, Pacelli & 
Kelso 199 1, Desai et al. 1992, Glaum & Miller 1992, Llano & Marty 1992, Stefani et al. 
1994, Poncer et al. 1995, Fitzsimonds & Dichter 1996, Salt & Eaton 1995, Bonci et al. 
1997, Mitchell & Silver 2000, Group III: Salt & Eaton 1995, Bonci et al. 1997). By 
reducing GABA mediated inhibition, mGluRs can cause "dis inhibition" which may have 
considerable functional implications. 
As previously described, mGluRs may reduce N-type calcium channels (Swartz & Bean 
1992, Sahara & Westbrook 1992) and P/Q type channels (Randall et al. 1993) which are 
involved in neurotransmitter release (Trombley & Westbrook 1992, Turner et al. 1993, 
Herrero et al. 1996, Stefani et al. 1996) although some studies have shown that L-AP4 
inhibition of synaptic transmission is not sensitive to blockade of voltage sensitive calcium 
channels (Schoppa & Westbrook 1997). In the striaturn, t-ACPD reduces the amplitude of 
high voltage activated calcium currents and GABA-mediated synaptic transmission (Stefani 
et al. 1994) suggesting that inhibition of calcium channels inhibits the release of GABA. 
I S, 3R-ACPD reduction in excitatory postsynaptic currents in visual cortex can be blocked 
by 4-AP (potassium channel blocker) suggesting that mGluRs may also modulate 
potassium channels to reduce glutamate release (Sladeczek et al. 1993). 
Group I mGluRs may also increase glutarnate release from synaptosomes by increasing 
levels of arachidonic acid (AA, Herrero et al. 1992) although a second successive 
application of Group I agonist (at 5 min interval) does not result in a facilitation of 
glutamate release (Herrero et al. 1998, Rodriguez-Moreno et al. 1998). Release facilitation 
is also inhibited when bath concentration of glutamate is high indicating that mechanisms 
exist to prevent accumulation of toxic concentrations of glutamate at the synapse. 
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AA formation is also increased following iGluR stimulation (Dumuis et al. 1988,1990) 
which may act as a retrograde signal to presynaptic terminals whereby glutamate release is 
facilitated. In freely moving rats, I S, 3R-ACPD administration results in an increase in 
glutamate in dialysate from the parietal cortex (Moroni et al. 1998) an effect which also 
appears to be mediated by Group I mGluRs as the Group I agonist 3,5-DHPG also 
increased glutamate concentration in the dialysate. In the hypothalamus, Group I mGluRs 
potentiate glutamate and GABA release (Schrader & Tasker 1997), whilst Group III 
mGluRs produce the opposite effect. Recently, Group III activation has been shown to 
facilitate glutamate release in the entorhinal cortex (Evans et al. 2000). 
Group I receptors have also been shown to depolarise inhibitory cortical interneurones 
resulting in an increase in GABA release (Zhou & Hablitz 1997) which causes an increase 
in spontaneous inhibitory postsynaptic currents in their pyramidal cell targets (Chu & 
Hablitz 1998). Other studies have also demonstrated that GABAergic transmission may be 
enhanced (Llano & Marty 1995, Poncer et al. 1995, Sciancalepore et al. 1995). The 
thalamic reticular nucleus contains many GABAergic neurones, Group H mGluRs cause a 
hyperpolarization of these cells by increasing K+ conductance (Cox & Sherman 1999) thus 
causing a disinhibition of thalamocortical relay cells. Group 11 mGluRs produce a 
postsynaptic inhibitory effect in other brain regions Holmes et al. 1996). 
2.7.5 Modulation of Ligand-Gated Ion Channels 
Although the use of selective mGluR agonists is essential to investigate the functional role 
of mGluRs, it is unlikely that under physiological conditions that mGluRs are selectively 
activated. This raises the possibility that there may be functional interactions of iGIuRs and 
mGluRs by synaptically released glutamate. Application of mGluR agonists can potentiate 
iGluR mediated currents (Aniksztejn et al. 199 1, Bleakman et al. 1992, Ceme & Randic 
1992, Harvey & Collingridge 1993, Glaum & Miller 1993, Fitzjohn et al. 1996, Rahman & 
Neuman 1996, Wang & Daw 1996, Doherty et al. 1997, Pisani et al. 1997b), reduce iGluR 
mediated currents (Pacelli & Kelso 1991, Colwell & Levine 1994, Molitor & Manis 1997. 
Ugolini et al. 1997, Yu et al. 1997, Martin et al. 1998) and reduce ionotropic GABA 
mediated currents (Pacelli & Kelso 1991, Glaum & Miller 1993). 
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Group I mGluRs appear to be mainly involved in the modulation of ionotropic responses. 
Group I (and possibly Group H receptors) by inhibiting K+ conductances, can increase input 
resistance and therefore the efficacy of other excitatory and inhibitory inputs (Bond & 
Lodge 1995) which may explain some of the observed effects where a potentiation of 
iGluR agonist effect is observed in the presence of mGluR agonists. Such a mechanism 
could amplify the signal to "noise" ratio resulting in an "amplification" of synaptic 
transmission. Activation of Group I mGluRs results in di-acyl glycerol (DAG) production 
which activates PKC and it could be through this mechanism that NMIE)A responses are 
potentiated, as PKC has been shown to reduce Mg2+ blockade of the NNIDA receptor ion 
channel (Chen & Huang 1992, Kelso et al. 1992). In some studies, ACPD mediated 
enhancement of NMDA responses can be blocked by PKC inhibitors (Aniksztejn et al. 
1992, Urushihara et al. 1992, Pisani et al. 1997b, Ugolini et al. 1997) although this does 
not occur in all preparations (Markram & Segal 1992, Harvey & Collingridge 1993). 
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2.8 Summary 
It is apparent that mGluRs are involved in the modulation of a number of important 
physiological properties including modulation of potassium currents which are responsible 
for the generation of the resting membrane potential of the cell. Activation of different 
groups of mGluRs has been shown to have both inhibitory and excitatory effects in 
different preparations. mGluRs have been shown to modulate the release of both glutamate 
and GABA and it is feasible that mGluRs, by their effects on calcium currents may also 
regulate the release of other neurotransmitters. mGluRs are coupled to intracellular 2 nd 
messenger cascades which are able to produce both short and long term effects upon the 
cell. By activating intracellular molecules there is potential for "cross talk" between 
different neurotransmitter systems following mGluR activation. Anatomical and in-vivo 
evidence suggests that mGluRs may be located in extra-synaptic locations giving rise to the 
possibility that mGluRs may be involved in activity dependent processes, being optimally 
activated when the concentration of glutamate at the synapse is high. The presence of 
mGluRs at any synapse will add further complexity to the effects of endogenous glutamate 
as it is necessary to consider the effect at both iGluRs and mGluRs. It is likely that the 
balance of effect of glutamate will depend upon the extent of glutarnate diffusion and re- 
uptake at the synapse, the location and affinity of different mGluRs and iGluRs and the 
frequency of neuronal stimulation. There is substantial evidence that mGluRs are located 
in the SSC and it is possible that mGluRs activation may modify the output of relay cells 
which may ultimately have behavioural effects 
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3.0 Project Hypothesis 
There is biochemical evidence for glutarnate being a neurotransmitter at the rat retino- 
collicular and cortico-collicular synapse (see Section 1.4.1). Electrophysiological evidence 
(Roberts et al. 199 1) has demonstrated that AAVA and NMDA glutamate receptors 
participate in synaptic transmission in the SSC. 
In situ hybridization and immunohistochemical studies provide evidence for the presence of 
different mGluRs on SSC cells and SSC afferents (see Table 2.1 for a summary of these 
studies). mGluRl, 3,4,5,7 and possibly 2 and 8 are present in the SSC or afferent 
connections (the most important being the contralateral retina and ipsilateral visual cortical 
areas). Studies from other brain regions (see Section 2.5) have also revealed that different 
mGluRs are predominantly located in post synaptic (Group I mGluRs), pre-synaptic (Group 
III) or both pre and post-synaptic locations (Group 11). Electron microscopy has revealed 
that some mGluRs can be located away from the main synaptic cleft (see Section 2.5) 
whilst other receptors have a more central location at the synapse. It is feasible that these 
extrasynaptic receptors may be activated during periods of intense afferent stimulation 
which results in glutamate diffusing from the centre of the synapse to these receptors. In 
this way, mGluRs may modulate synaptic function in an activity dependant manner. 
Physiological evidence has revealed that mGluRs may produce multiple aspects of neuronal 
function. mGluRs have been demonstrated to modulate transmitter release at the pre- 
synaptic terminal resulting in a reduction of excitatory and inhibitory transmission (see 
Section 2.7.4). Some of these effects are likely to result from an inhibition of calcium 
channels which are involved in neurotransmitter release (see Section 2.7.3). Activation of 
Group I mGJuRs may also increase release of glutamate (see Section 2.7.4). If mGluRs 
participate in regulation of neurotransmitter release in the SSC, then it is likely that 
mGluRs could produce both excitatory (inhibition of GABAergic transmission or increase 
in glutamate release) and inhibitory effects (reduction of glutamate release or facilitation of 
GABAergic transmission). It is particularly important to consider the possible effect that 
mGluRs may have on GABAergic transmission as the SSC has a very high proportion of 
GABAergic neurones in comparison with other brain regions (see Section 1.4.2). 
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mGluRs (Group I in particular) may modify a number of different potassium currents (see 
Section 2.7.1). These modifications result in slow increases in cell excitability and changes 
in the firing patterns of neurones. In particular, modulation of one potassium current (IAHp, 
see section 2.7.1) could have a profound effect on visual processing by reducing response 
habituation which is a key feature of SSC neurones (Oyster & Takahashi 1974). Inhibition 
Of Ileakcurrent could increase the input resistance of the cell thereby facilitating the effect of 
both inhibitory and facilitatory transmitters (Bond & Lodge 1995, section 2.7.1). In the 
SSC, modification of this current could again produce both facilitatory and inhibitory 
effects which would be dependant upon the nature of afferent stimulation at any time point. 
mGluR activation (mainly Group 1) may modify iGluR mediated currents (both facilitatory 
and inhibitory effects see Section 2.7.5). Given that iGluRs are involved in synaptic 
transmission in the SSC it is likely that visual responses may be modified by mGluR/iGluR 
effects. 
As sub-types of each mGluR receptor group are likely to be present in the SSC, it is 
apparent that mGluRs have the potential to significantly modify the responses of cells in the 
SSC via a number of different pathways. 
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The data presented in this thesis explores the possibility that mGluRs may modulate visual 
responses in the SSC and attempts to answer the following questions: - 
9 What is the effect of mGluR activation by exogenous agonists? 
9 Do mGluRs participate in visual synaptic transmission in the SSC ? 
If mGluRs are involved in modulating visual responses, does the effect differ when 
different types of visual stimuli are used? 
9 Can mGluRs modulate iGluR responses? 
Drawing upon other anatomical and physiological studies, what are the likely 
mechanisms by which mGluRs can modulate visual responses? 
Is it likely that mGluR function in visual synaptic transmission is conserved across 
species? 
Previous studies (see Table 1.5 for summary) have investigated the response characteristics 
of visually responsive neurones in the SSC. In the work described in this study, the effect 
of mGluR activation on visual processing in the rat SSC will be explored in an in-vivo 
preparation. The use of an intact, in-vivo preparation allows different types of 
physiologically relevant visual stimuli to be used. lontophoretic application of selective 
agonists and antagonists will be used as tools to probe the possible role of different mGluR 
sub-types in aspects of visual processing. 
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4.0 Materials and Methods 
4.1 Overview 
Visual stimuli were presented to anaesthetised rats and extracellular activity from single 
units of the SSC were recorded. Agonist, antagonist and control ions were applied to 
visually responsive neurones by iontophoresis. The type of visual stimuli used varied 
according to the experimental protocol in order to investigate different aspects of visual 
processing within the SSC and how these may be modulated by mGluRs. 
4.2 Methodological considerations 
The most important advantage of using an in-vivo preparation, is that it allows the use of 
physiologically relevant stimuli. For the preparation described here, it is possible to vary 
parameters of the stimulus to probe different aspects of visual processing. For example, the 
size and composition of the receptive field can be investigated by varying the stimulus size 
and position, mechanisms involved in response habituation can be probed by varying the 
interstimulus interval. To stimulate in-vitro preparations, it is necessary to use electrical 
stimulation which probably does not exactly mimic physiological inputs in terms of 
amplitude, temporal events or recruitment of afferents. Another clear advantage of the in- 
vivo preparation is that inputs to the area of interest are relatively intact, it is unlikely that 
this is the case for an in-vitro preparation. Due to the existence of relatively intact 
connectivity, it is possible that the anaesthetised in-vivo preparation allows a good 
approximation of understanding the processes involved in alert, behaving animals. 
Although in-vivo studies may allow us to form hypothesis of how afferent connections may 
contribute to an observed effect, an in-vitro preparation may permit selective activation of 
inputs which may give a clearer indication of the involvement of different afferent 
pathways to observed responses. 
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It is necessary to use general anaesthetics for in-vivo preparations and it is most likely that 
the use of such agents may modify electrophysiological responses. It is therefore important 
to consider, that effects observed under anaesthetic may not necessarily occur in an 
unanaesthetised animal. For example, in an anaesthetized preparation, large cortical lesions 
resulted in cells of the cat SC loosing directional selectivity (Wickelgren & Sterling 1969), 
although this did not occur in a different study which did not use general anaesthetic 
(Hoffman & Straschill 1971). In the experiments carried out for this thesis, urethane 
anaesthesia is used. Urethane is a good choice for electrophysiological experiments in the 
rat, Holmes and Houchin (1966) demonstrated that urethane had little effect on sensitivity 
of neurones to amines and that rate and pattern of cell firing was very similar to recordings 
obtained in unanaesthetised preparations. Other groups have also confirmed the relative 
lack of effect of urethane on neuronal responses (Cross & Dryer 1971, Bradley & Dray 
1973) although urethane has been shown to antagonise the effect of excitatory amino acid 
responses in the spinal cord (Evans & Smith 1982). 
Another consideration for both in-vivo and in-vitro studies is that responses may change 
over time due to a change in the physiological condition of the preparation. Although this 
is a concern in in-vitro studies, the problem is likely to be more complicated for an in-vivo 
preparation due to the effect of anaesthetics and trauma induced by surgery. A particular 
problem inherent to the preparation described here, is that eye movements can occur which 
may result in a decline in the visual response. It is possible to overcome this with a variety 
of methods including paralysing the animal, mechanical immobilisation of the eye or local 
paralysis of muscles around the eye, although using any of these methods is not without 
problems. In this study, mechanical immobilisation was performed for a small proportion 
of studies and was found to adversely affect visual responses. For this reason, in order to 
control for eye movements, regular mapping of the position of the receptive field in visual 
space was undertaken and visual stimuli which generate stable responses over a long period 
of time were used in preference to further mechanical interference with the preparation. 
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This study uses iontophoresis to apply small quantities of drugs in an in-vivo preparation. 
Although iontophoresis allows the application of small quantities of drugs it is not possible 
to determine the concentration of drugs in the extracellular environment of the cell and 
another advantage of in-vitro preparations is that known concentrations of drugs can be 
applied. This is useful where the drug may have selectivity for certain receptors within a 
defined concentration range or where it may be possible to determine the receptors 
involved due to the potency of a drug in eliciting a response. In an in-vitro preparation it is 
also possible to determine whether observed effects are mediated by pre or postsynaptic 
mechanisms, this is commonly investigated by blocking synaptic transmission by TTX. 
43 Surgery 
All procedures were in accordance with the LTK Animals (Scientific Procedures) Act 1986 
and associated guidelines. Adult male and female Lister Hooded rats (180g - 550g) were 
used. Animals were housed in conventional animal facility with 12 hour light/dark cycles 
with free access to food and water. Subjects were initially anaesthetised with gaseous 
halothane in a sealed chamber until the righting reflex was lost. Urethane (1.25g/kg) was 
administered via the intraperitoneal route. Additional urethane was administered (0.02- 
0.04g/kg) as necessary during surgery or during the experiment if the pedal withdrawal 
reflex was present or heart rate increased. 1% lignocaine with adrenaline was administered 
subcutaneously at all wound margins: thorax (tracheal cannulation), dorsal skull (surgical 
entry site), and the right forepaw and right hindpaw if an invasive method was used to 
monitor the electrocardiogram (ECG). 
A tracheal cannulation was made and an appropriately sized glass cannula was inserted. 
The cannula was securely tied with nylon sutures and the overlying skin was loosely 
sutured. A piece of tape was attached to the fur behind the cannula to prevent the cannula 
from getting trapped. The cannula allows the subject to breathe spontaneously and the 
airway can be maintained as necessary throughout the experiment. 
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Following transfer to a stereotaxic frame, the ECG was monitored either invasively by 
subcutaneous implantation of stainless steel needles to the fore and hind-paw or non- 
invasively by application of gold electrodes to the skin (electrode jelly was applied to 
ensure good contact between the skin and electrodes) secured with adhesive tape. The 
subject was warmed with a thermostatically controlled electric blanket to 370C. It is 
important to ensure that anaesthetised animals are kept warm as anaesthetics can interfere 
with thermoregulatory mechanisms. 
During surgery, animals were held in stereotaxic position with blunt earbars (tips coated 
with lignocaine gel) and a nosebar. A single long incision was made in the skin overlying 
the dorsal surface of the skull and the overlying muscle was scraped away. The 
electroencephalogram (EEG) was routinely monitored and was recorded by drilling two 
small holes and placing small screws in the left hand side of the skull. The two screws 
make contact with the cerebrospinal fluid (CSF) on the cortical surface and need to be kept 
electrically isolated. This is achieved by covering each screw in dental cement during 
fixation of the head holder. 
Next, a small craniotomy (4 x 4mm) was made over right superior colliculus (SQ exposing 
the overlying cerebral cortex. The site for the craniotomy and subsequent electrode entry 
(with a correction for angled approach) was made according to the stereotaxic co-ordinates 
of Paxinos and Watson (Paxinos & Watson 1986) (Lambda - 2. Omm anterior-posterior 
axis and -1.2mm medio-lateral axis). During all drilling, the bone was cooled by 
application of saline in order to prevent heating and damage to the underlying brain. The 
overlying dura was carefully removed with a fine gauge needle and pair of forceps. A head 
holder was mounted onto the skull using screws and dental cement. The headholder allows 
the head to be held in a stereotaxic position once the ear bars and nose bars have been 
removed in order to allow greater access to the facial area. Skin around the left hand side 
eye was sutured as necessary in order to expose the eye. A drop of light mineral oil was 
applied to the eye in order to prevent corneal drying. In some experiments, a custom made 
loop device was placed over the eye in order to reduce eye movements. The rat was 
earthed by a silver wire inserted through muscles in the neck. 
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At the end of the experiment, the subject received an overdose of urethane administered to 
the thorax. 
4.4 Recording and Iontophoresis 
4.4.1 Glass Electrodes 
For some of the preliminary characterisation experiments, sharp glass electrodes, tip size 
approximately I pLm were used. These electrodes were filled with Pontamine Sky Blue 
(PSB, see table 4.1). 
Multi barrelled electrodes (7 barrels) were assembled from four lengths of borosilicate glass 
capillaries (Clark Electromedical GC 1 50TF, internal diameter 1.17mm). Three lengths 
were broken in half using a diamond cutter and were arranged around the remaining full 
length piece of glass. The glass pieces were held in drill chucks and heated, twisted and 
pulled apart over a Bunsen flame. The un-fused end of each barrel was pulled away 
slightly from the central barrel over a small Bunsen flame to facilitate filling and minimize 
possible barrel cross-contamination. The tips of these electrode blanks were then pulled in 
a vertical gravity-puller set-up to produce fine tips, typically I gm diameter. Tip pulling 
consists of three stages, fusing of glass attached to a weight, tip elongation and separation 
of the fused glass from the tip to produce the final tip shape. 
During all stages of electrode manufacture and handling, it is essential that exposure to dust 
is minimised in order to prevent contamination which may lead to blocking of the electrode 
barrels. For this reason, prepared electrodes were stored in glass jars for a maximum of 
three weeks, electrodes unused after this time were discarded. Prior to filling, the electrode 
tip was broken back to 5-6ptm using a microscope and manipulator. This tip size is a 
reasonable compromise for satisfactory recording of extracellular activity and passage of 
iontophoretic current. If necessary, the tip can be broken back again in the same way if the 
resistances of the electrode barrels are too high. Electrodes were filled around three hours 
before they were inserted into the brain to allow time for solutions to fill the electrode tip 
and for any small air bubbles to subside. 
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The resistance to the passage of current of each barrel can be measured by the iontophoretic 
apparatus, by passing a test current of 50nA through the barrel. If the resistance of the 
barrel is too low then it is likely that there will be a substantial problem with drug ions 
leaking out of the electrode. Conversely, barrels with a very high resistance to the passage 
of current will impede the ejection of drug ions. Barrel resistance may vary throughout the 
course of an experiment, this may occur due to a patch of membrane or tissue partially 
occluding a barrel orifice or dust, precipitate or glass particles settling into the electrode tip. 
If a barrel becomes blocked during the course of an experiment, the LED display on the 
iontophoretic apparatus will flash as the required current level cannot be applied to the 
barrel. 
4.4.2 Tungsten Electrodes 
Tungsten electrodes were used in experiments to characterise the response properties of 
SSC neurones. Electrodes were made by etching tungsten wires in Levicks Solution 
(NaN02/KOH, Levick 1972) and then insulating the wire in glass. Glass was etched off the 
tip of the tungsten wire with heated borosillic acid to reveal a bare tungsten tip. The 
tungsten tip was etched as necessary with Levicks solution in order to achieve a satisfactory 
shaped tip of around 20-50gm. 
4.43 Recording 
Multibarelled electrodes were lowered through the cortex using a stepping micro drive at 
- 15 0 to the vertical in order to reduce damage to the overlying visual cortex which is an 
important source of afferents to the SC. Multi-barrelled electrodes are relatively large and 
therefore need to be stepped slowly through the tissue in order to minimise damage and to 
improve recording stability. Warmed agar solution was applied to the site of the 
craniotomy during recording in order to protect the cortex from dehydration and to 
minimize the effect of brain movements which may occur during recording. Visually 
responsive cells were found approximately 2.7mm. from the surface of the brain. 
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Once the electrode had reached the superficial SC, small steps down were made to identify 
single cells suitable for recording. Neuronal activity was amplified x 1000 (x 100 then x 10 
Axoprobe IA, Axon Instruments). Inspection of the extracellular wave form gives an 
indication of the proximity of the recording electrode to the cell (Sefton 1969). As spike 
size is dependant upon the extent of current flow in the extracellular space, the spikes will 
become larger as the recording tip approaches the cells membrane. The shape of the wave 
form is also an indication of distance between the electrode and cell as the waveform may 
appear as a wholly negative potential at distances of around 50ptm from the cell, which 
usually changes to a wave form with a small positive and larger negative component near 
the unit (Bishop et al. 1962a and 1962b). Recording sites were made through a single 
electrode track, and were between 50 and 100gm apart. In a typical experiment, data 
would be obtained from a portion of SC spanning 150-300gm depth. PSB was occasionally 
used to place dye spots to enable visual inspection of the recording position after removal 
of the brain. 
Extracellular single neurone activity was recorded through the central barrel of the 
electrodes which contained 4M NaCl. Each drug barrel is connected to the iontophoretic 
and recording apparatus via a silver wire, before sealing the ends of each barrel with 
petroleumjelly to prevent evaporation of drug solutions. Action potential spikes were 
gated with a waveform discriminator and timed and recorded using a CED 1401 computer 
interface and VS Software (Cambridge Electronic Design, Cambridge, UK) which 
generated peri-stimulus time histograms (PSTHs). 
4.4.4 lontophoresis 
lontophoresis allows the release of very small quantities of drugs onto neurones (see Stone 
1985 and Roberts & Gould 1993, for comprehensive overviews of practical aspects of this 
technique). lontophoresis is the only method which allows the direct application of small 
quantities of compounds of interest onto central neurones. The technique has a distinct 
advantage over other in-Wvo methods of drug administration, in that systemic effects are 
minimized due to local application. 
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The movement of drug ions within a solvent results from the passage of current, with 
movement of drug ions out of the electrode tip occurring as they carry the current passed. 
The technique was first used in the 1950's to apply very small quantities of acetylcholine 
for very short periods of time at the neuromuscular junction, thus attempting to mimic 
synaptic transmission (del Castillo & Katz 1955). In 1958, Curtis used multibarelled 
micropipettes to demonstrate that acetylcholine was the transmitter between motor axon 
collaterals and the inhibitory Renshaw cells in the spinal cord (Curtis & Eccles 1958). 
In order for a drug to be suitable for iontophoretic application, it must be ionised in solution 
and should ideally be freely soluble in water (although small adjustments in pH may be 
necessary). It is possible to dissolve drugs in other solvents such as alcohol or DMSO, but 
the solvents may be biologically active, thus necessitating a control for the solvent. The pH 
of the drug solution is an important consideration, as the extent of ionisation, solubility and 
chemical stability is dependant on pH. pK is the pH at which half of the ions will be 
ionised and a good rule for preparing drug solutions for iontophoresis is to adjust the pH 
until it is at least pK. However, as pH values move further away from neutrality, an 
increasing proportion of 014- or H+ will be ejected with the drug ions and it is possible that 
these ions may also alter cellular excitability. It is therefore advisable to try to control for 
pH effects by ejection of a saline solution which is adjusted to the same pH of a test drug if 
the test drug solution is highly acidic or basic. 
In order to prevent spontaneous efflux of drug ions from the electrode tip, it is necessary to 
apply a small "retaining" current, which will be the opposite polarity of the drug ion. Thus, 
over time, the drug ions will move away from the tip of the electrode. Without using a very 
high retaining current, it is probably not possible to abolish all leakage that occurs due to 
diffusion and hydrostatic efflux. However, the application of very large retaining currents 
will result in a significant reduction of drug available for ejection at the electrode tip 
(Bradshaw & Szabadi 1974), therefore small retaining currents are usually applied 
(typically 5 to 15nA) in order that a reasonable amount of drug ion is available for ejection. 
It is important to ensure that a constant response is attained when either retaining or 
ejection currents or intervals between ejections are changed. 
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Re-equilibrium and the re-distribution of ions along the length of the barrel may take some 
time after any of these parameters are changed. A technical problem inherent in 
iontophoretic experiments, is the inability to quantify the amount of drug ions ejected from 
the electrode. Therefore, it is not possible to construct conventional dose-response curves 
or to accurately compare the absolute potency of two compounds. It is also dangerous to 
assume that there is any linear relationship between the amount of drug ejected and the 
ejecting current used. 
In order to minimize the effect of current passage on the cell, a continuous current is passed 
through a barrel containing IM sodium chloride. This current is equal in magnitude but of 
opposite polarity to the algebraic sum of ejecting and retaining currents that are being 
applied through the rest of the barrels, therefore the current at the tip of the whole barrel is 
always zero. This practice is known as current balancing and is automatically carried out 
by the iontophoretic pump unit (NeuroPhore BH-2 system, Medical Systems Corp. ). In 
addition, to investigate the effect of passage of iontophoretic current on a cell, one barrel 
can be filled with I OOmM NaCl and Na+ or Cl- can be ejected at the same currents as those 
used to eject drugs. 
Table 4.1 lists details of all drugs and solutions which were applied by iontophoresis in the 
experiments described in this thesis. 
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4.5 Visual Sthnuh 
A cathode ray tube (CRT, Tektronix 608 monitor) was used to display visual stimuli 
created by a Picasso visual stimulus generator under computer control (VS Software, 
Cambridge Electronic Design). The CRT was located in the RF of the neurone, 15cm 
away from the left eye of the subject. To centre the RF on the CRT screen, spots of light 
were displayed at different elevations and azimuthal positions. The responses were 
analysed on line and the position of the CRT was adjusted to centre the RF in the middle 
of the screen. It was necessary to repeat this procedure a number of times during the 
experiment for each neurone in order to compensate for eye movements made by the 
subject. 
4.6 Experimental Protocols 
4.6.1 Characterisation Experiments 
Assessnient of size of excitatory conWonent of recepdvefield - Flashed spots of 2-320 
presented randomly (5 times each). 
Orientation and direction tuning - Moving bar (22.50/sec), blank screen 3 secs, 2 sec 
excursion across CRT, blank 4 secs travelling in 8 directions (00,450,900,1350,1800, 
22505 27009 3150). 5 randomised presentations of each direction. 
Response to moving bars of different velocity - Moving bar of preferred orientation and 
size moving across CRT at 3600/sec, 1800/sec, 900/sec, 450/sec, 22.50/sec and I 1.250/sec. 
5 randomised presentations. 
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Contrast sensitivity - Moving bar of preferred orientation and size (blank screen 4 secs, 2 
sec excursion across CRT, blank screen 4 secs). Luminance of foreground object either 
20cd m -2 or 12.2 cd M-2 against background of 7.7 cd M-2 .5 randomised trials. 
Response habituation -5 presentations of moving bars of optimum orientation and size 
presented for 2secs at interstimulus intervals of 0.5,1,2,4 and 8 secs. Each trial was 
presented 5 times in random order, with a 10sec inter-trial pause. 
4.6.2 Effects of agonists, antagonists and pharmacological controls on visual 
responses 
To investigate the effect of pharmacological agents on visual responses, it is necessary to 
use a visual stimulus that will produce a stable response over a long period of time. 10 
(occasionally 5) presentations of light bars on a dark background were presented (5 x 10- 
150, luminance of foreground object 20cd M-2 , 
background 7.7cd M-2) moving at 22.50/s-1 
for 4s every 10s. The moving bars were of preferred orientation and direction as 
determined by presenting moving bars moving in 8 directions (00,450,900,1350, 
1800922509 27009 3150). Reproducible control cycles of visual response (120s) were 
established before two of three cycles of continuous ejection of the substance under 
investigation. Recovery data were then obtained before collection of new control data 
and further drug application. To determine if antagonists could block the effect of 
agonists, the antagonists were continuously ejected for three cycles before the agonist 
was co-ejected with the antagonist for three cycles. Agonist ejection ceased whilst the 
antagonist continued to be ejected for two cycles. Antagonist ejection ceased and 
recovery data was obtained. A timer was used in all protocols to ensure regular ejection 
cycles. 
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4.6.3 Effect of antagonists during presentation of low contrast visual stimuli 
in order to investigate the possibility that the magnitude of antagonist effect differs 
during different levels of synaptic activity, moving bars as described above were 
presented either at "full contrast" (stimulus foreground 20cd M-2 , background 3.1 cd 
M-2) 
or "low contrast" (stimulus foreground 12.2cd M-2 , background 3.1 cd 
M-2). 
4.6.4 Effects of agonists and antagonists on response habituation 
To reliably induce response habituation, the interstimulus interval between presentations 
was reduced to 0.5 sec. The moving bar was presented 5 times for 5 trials with an inter- 
trial interval of 10secs. Details of size etc. are as described above. As before, 
reproducible control cycles of visual responses were established before two or three 
cycles of continuous ejection of agonist or antagonist, recovery data was then obtained 
before the collection of new control data and further drug application. To determine the 
effect of agonists and antagonists in the presence of GAIBABreceptor blockade, 
CGP35348 was continuously ejected for 2 or 3 cycles in order to reduce response 
habituation before agonists or antagonists were co-ejected with CGP35348 for 2 cycles. 
Agonist or antagonist ejection then ceased whilst CGP35348 was ejected for a further 2 
cycles. Recovery data were then obtained. 
4.6.5 Effect of agonists on ionotropic responses 
To assess the effects of mGluR agonists on postsynaptic activation of SC neurones, 
cycles (70s duration) were constructed in which the agonists ANWA and NMDA were 
ejected for 12s each in order to evoke an excitation. After control data were obtained, 
agonists were ejected for two cycles, beginning 70s before the first ejection of ionotropic 
agonist. Recovery data were then obtained following cessation of agonist ejection. 
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4.7 Data Analysis 
Responses were quantified as counts of action potentials evoked by visual stimuli over 5 
or 10 repeats of the visual stimulus. Data were observed on-line during data collection 
and analysed off-line using Spike 2 software (Cambridge Electronic Design). The effect 
of a test drug is expressed as percentage mean of control cycles of visual responses. For 
experiments where antagonists and agonists were co-eJected to examine blockade of 
effects by antagonists, the agonist effect is expressed as percentage mean of continuous 
antagonist ejection. Non-parametric statistics (Wilcoxon Signed Rank Test) were used to 
test for significant differences between control data and drug-treated groups. A result 
was deemed significant at p<0.05. All results are expressed as percentage of control 
s. e. m. 
For habituation studies, the degree of response habituation was calculated by expressing 
the response evoked by the fifth presentation of a set of five repeated stimulus 
presentations as a percentage of the response evoked by the first using the formula: - 
100 xI- (no. of spikes evoked by fifth presentation 
(no. of spikes evoked by first presentation) 
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For assessing the extent of directional or orientation bias, two indices were calculated. 
The response "R" to a bar travelling at the angle of 0, can be represented on polar co- 
ordinates by a vector of length F, inclined at the angle 0. The vector can be represented 
by the complex number R=RpOO), where j=ý- I (Levick & Thibos 1982, Thibos & 
Levick 1985, Binns & Salt 1996). The bias vector "B" summarises the mean and spread 
of the tuning curve and can be calculated as: - 
B,, 
ýpoO)=IR 
B, will now indicate the magnitude of the directional bias on a scale of 0-I- 
1, the direction index is calculated according to the following formula: - 
I= I- minimum response - spontaneous activit 
maximum response - spontaneous activity 
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4.8 Immunohistochemical Methods 
I acknowledge the assistance of Ms Claudia Sharp who prepared and processed the 
tissues described here. 
4.8.1 Tissue processing 
The materials used for the immunohistochemical studies was obtained from 2 male 
hooded rats, 2 cats and 5 ferrets. Animals were deeply anaesthetised with sodium 
pentobarbitone (50mg/kg) and perfused transcardially with 0.9% saline in phosphate 
buffer (PBS, pH7.2) followed by a solution of 4% paraformaldehyde in 0.2% picric acid 
in PBS (pH7.2). The optic pathway from the eye to the optic tract was exposed from 
below without damaging the brain. Each nerve was sectioned directly behind the eye and 
the nerves and optic chiasm lifted free from the brain. The retinae, nerves and brains 
were placed in the above fixative for approximately 2h, before being transferred into 20% 
sucrose in PBS and stored overnight at 40C. The following day the nerves were sectioned 
horizontally and the brains coronally on a freezing microtome at 40pim, and placed in 
PBS. Retinae were whole mounted (all species) or transversely sectioned (cat and ferret 
only) as above following embedding in gel albumin for support. Selected brain sections 
through the LGN and SC of each animal were processed free-floating for 
immunohistochemistry. Samples were pre-incubated in 0.4% Triton X-100 in PBS for lh 
with 5% normal goat serum/0.1% Triton X-100/PBS and then incubated overnight at 40C 
with a panel of affinity purified mGluR antibodies (I a, I b, I c, 2/3,4 and 5), at a working 
dilution of 1: 1000 in 1% normal goat serum/0.1% Triton X-100/PBS. Adjacent sections 
were incubated in the working solution that did not contain primary antibody to provide 
negative control slides. The secondary antibody used was biotinylated goat anti-rabbit 
IgG (vector BA 1000) at a dilution of 1: 5000 in I% normal goat serum/0. I% Triton- 
X/PBS, incubated for Ih at room temperature. Avidin-biotin complex (Vectastatin Elite 
ABC Kit, PK6100) with DAB as the substrate used to visualise the staining. The sections 
were then mounted onto gelatinised slides, dehydrated and coverslipped. 
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Following initial analysis, coverslips were removed from selected sections, the tissue re- 
hydrated and Nissl stained, dehydrated and coverslipped. This followed analysis of 
labelling patterns in both counterstained and un-counterstained material. 
In the majority of cases, specific antibody labelling was undertaken on the same day in all 
three species employed, using common solutions. Details of the generation, preparation 
and specificity of the antibodies used has previously been described for mGluRI a, I b, Ic 
- Grandes et al. 1994, mGluR2/3 &4- Koulen et al. 1996, mGluR5 - Vidnyanszky et 
al. 1994. Briefly, peptides corresponding to the c-terminal of each mGluR were created 
with polyclonal antisera raised in rabbits. Protein bands detected by immunoblotting 
against rat tissue were in good agreement with the predicted molecular weight of the 
corresponding mGluRs. 
4.8.2 Analysis 
Analysis focused upon the retinae, optic nerves, optic tract, lateral geniculate nucleus of 
the thalamus and the superficial layers of the superior colliculus. Where markedly heavy 
labelling was found in non-visual areas of the brain this was also noted. The intensity of 
labelling was assessed and scored on a graded scale from 0 to 5 where 0=background 
label only and 5= very heavy labelling. Somal sizes were measured in cat retinae stained 
with the mGluR4 antibody to determine whether the spectrum of cell types were 
consistent with their being ganglion cells. One of these strips of retina ran from just 
below the area centralis at an estimated eccentricity of approximately 0.8- 1 mm out 
towards the far retinal periphery with eccentricity of approximately 1.2cm. There was a 
clear gradient in the density of labelled cells along this strip ranging from around 3000 
cells per mmý to approximately 125 cells per MM2 . Analysis of the relative number of 
small, medium and large labelled cells based on measurements of soma sizes were 
undertaken on stained retinal strips at an eccentricity of approximately 1.5mm. Somal 
sizes were measured using a X60 oil immersion lens with a total magnification of X600 
in the mid nasal retinae and differences in cell populations were compared using a paired 
Student's T-test. 
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5.0 Results - Immu no histo chemistry 
See Table 5.1 for a summary of distribution and relative intensity of immunoreactivity in 
the different species used in this study. In general, there are many differences in the pattern 
of immunolabelling between the different species. 
5.1 mGluRla 
5.1.1 Rat 
No labelling above control levels was seen in the retina. In the optic tract (OT), there was 
light glial labelling. In the LGN, labelling was more intense in dorsal lateral geniculate 
nucleus (dLGN) than in ventral lateral geniculate nucleus (vLGN). In the vLGN there was 
a restricted area of very heavy cellular label (Figures 5. la and b). In the superior colliculus 
(SQ, immunoreactivity was present throughout superficial, inten-nediate and deep layers, 
with quantitatively more labelling in the superficial layers of the superior colliculus (SSC) 
compared with the intermediate and deep SC (DSC). Label in the SSC had a very dense 
appearance consistent with cell processes rather than cell bodies. Light label was also 
present in the pretectum, an area which receives retina and collicular afferents, although the 
colliculus is the most likely source of this label as no label was observed in the retina. 
5.1.2 Cat 
Unlike in the rat, in the cat inner nuclear layer (INL) of the retina, around 25-30% of the 
cells appeared to be labelled (Figure 5.2). Some labelling of small cells was present in the 
ganglion cell layer (GCL), but in the optic nerve (ON), neither mGluR Ia or Ib were 
present. Throughout the LGN, light background label was visible although it was not 
possible to attribute this to any specific feature. In the SC, light labelling, consistent with 
cell processes was evident in the stratum griseum superficiale (SGS) layer but was absent in 
the stratum zonale (SZ) and stratum opticum (SO) layers. 
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5.1.3 Ferret 
Like the cat, in the ferret, label was present in the INL, but not in any other region of the 
retina. In the LGN the extent of label was moderate and diffuse in appearance, suggesting 
that the cell bodies are not labelled with this antibody. Dense, continuous label was present 
in the SSC, which had a very similar pattern of labelling to that of the rat. There was no 
obvious labelling of cell bodies and the labelling patterns appeared to be consistent with 
those in cell processes. There was very little label in intermediate SC layers. In the DSC, 
the appearance of the label was consistent with it being present in cell processes. 
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Figure 5.1 - mGluRla in Rat LGN. 
A- Low power micrograph of dLGN and vLGN. Heavy cellular label is 
present throughout the dLGN. In the vLGN labelling is restricted to a lateral 
region. Scale bar= I mm 
B- Enlargement of (A) showing the dLGN/vLGN border with label in 
vLGN on the right side. In each case, label was fibrous rather than cellular. 
Scale bar = 500g m. 
IL 
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Figure 5.2 - mGluRIa label in cat retina. 
Label shown is present in the INL and confined to a subpopulation of cells. Occasionally 
fine processes were labelled. The label in the ganglion cell layer was lighter. Scale bar 
50gm. 
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5.2 mGluRlb 
5.2.1 Rat 
In the retinal GCL layer there was very light labelling of small cells, consistent with their 
being glia. No label was evident in the OT. In the LGN, there was punctate label in the 
intergeniculate leaflet. In the SC, cell bodies were lightly labelled in the DSC, but none 
were present in any other area. 
5.2.2 Cat 
There was no mGluRlb label in the cat. 
5.2.3 Ferret 
Labelling patterns for mGluRlb were different in the ferret compared with rat and cat. 
Label was absent in the retina and OT. Light cellular label was evident in the LGN. In the 
SC there was moderate, diffuse label particularly in superficial layers, which was not 
associated with cell bodies and was consistent with labelling of processes. 
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5.3 mGluRlc 
5.3.1 Rat 
No label was observed in the retina or OT. In general, labelling throughout the rat brain 
was more robust in comparison with labelling for I b. In the LGN there was frequent 
labelling of large cell bodies which occasionally extended to the primary dendrite (Figure 
5.3a). In the SSC there was infrequent cell body label. In the very deep SC, there was 
clear, though infrequent labelling of cells with large somata. In the pretectum, cell bodies 
were labelled. Other prominent areas of staining included the substantia nigra, medial 
geniculate nucleus and the red nucleus where there was clear labelling of somata and 
primary dendrites. 
5.3.2 Cat 
As in the rat, no label was observed in the retina with the Ic antibody. There was light 
labelling of astrocytes in ON sections. In the LGN, stained cell bodes and their primary 
dendrites were evident at low magnification (Figure 5.3b) although the label intensity was 
much less than for the rat. Their morphology was consistent with their being LGN relay 
cells (Godwin et al. 1996a). The level of label in the SSC was comparable with other 
midbrain regions, in that it was fairly light and consistent with cell processes although a 
few cell bodies in the DSC were clearly labelled. 
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5.3.3 Ferret 
Unlike the cat and rat, in the ferret retina there was occasional labelling in the INL and light 
cellular labelling in the EPL and OPL although labelling was absent in the ONL. There was 
also marked label in the GCL. Only very faint label was observed in the OT, suggesting 
label in the GCL may not be due to ganglion cells. In the LGN there was occasional 
labelling of cells and their primary dendrites (Figure 5.3c). Stained cell bodies were 
evident in the SSC, which was more heavily labelled than the deeper SC layers, although 
the extent of label in the SC was lower than that of the LGN. Other areas of heavy 
labelling included the ventrobasal nucleus of the thalamus. 
Figure 5.3 mGluR1c label in A- rat, B- cat 
and C- ferret LGN. 
In each case label is confined to cell bodies 
and primary dendrites. Label was more 
intense in rat and cat LGN than it was in the 
ferret. 
Scale bars -I OOgm. 
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5.4 mGluR2/3 
5.4.1 Rat 
Immunoreactivity for mGluR2/3 in all brain areas was more pronounced than for any of the 
mGluR1 antibodies. In the retina, light label spanned the full retinal depth consistent with 
Muller cell processes. Label in the OT was present only in small cells consistent with their 
being glia. Throughout the rat brain, there was labelling of glial cells in all areas with 
morphologies similar to astrocytes. In the LGN, label was present in larger neurones as 
well as glia. In both the dorsal and ventral LGN there was light labelling of cell bodies and 
processes. In the SC there was moderate cellular label throughout all layers, especially in 
the SSC. 
A consistent feature of 2/3 immunoreactivity was glial labelling in all species (see Figure 
5.4a/b/c). 
5.4.2 Cat 
In the INL of the retina, there was dense, punctate label. Light axonal and glial label was 
found in the ON. In each case where the morphology of these glial cells in the ON could be 
identified, they were consistent with the cells being astrocytes. Labelling with mGluR2/3 
was widespread throughout the thalamus and brain stem including the LGN and SC. 
Labelling was confined to small cells with morphologies similar to astrocytes. These cells 
were heavily labelled when close to the pial border or in association with blood vessels. 
The SC was more densely stained than other midbrain areas, such as the medial geniculate 
nucleus with the SSC label more intense than in intermediate or deep SC. 
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5.4.3 Ferret 
In transverse sections of the ferret retina, mGluR2/3 label was evident in all layers with the 
exception of the ONL. In the OT, many astrocytes were labelled with a few occasionally 
heavily labelled axons. Significant levels of label were observed in astrocytes in all regions 
of the LGN. The level of label in the SC was generally low compared with other midbrain 
regions. In the SSC, the only observed labelling was of astrocytes. Heavy astrocytic 
labelling with the 2/3 antibody was a very consistent feature in all of the species examined 
in this study. 
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Figure 5.4 Astrocytes (arrows) labelled with mGluR2/3 in Rat (A), 
ferret (B) and cat (C). 
Each micrograph is taken at similar locations in the ventral thalamus. 
Patterns of labelling with this antibody were almost identical between 
the different types of animal. Only astrocytes were labelled. These 
were marked in the location of the blood vessel walls. D shows a 
higher power micrograph of such processes wrapping around a blood 
vessel in the ventral thalamus of a rat. Scale bar A, B and C= 50 Pm. 
Scale bar D= 30 pm. 
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5.5 mGluR4 
5.5.1 Rat 
Only light label was observed in the retina which may be associated with Muller cells. No 
label was observed in the OT. In the LGN there was moderate, fibrous label which was 
more intense in vLGN than dLGN and particularly pronounced in the intergeniculate leaflet 
(Figures 5.5a and b). There was heavy labelling in all midbrain regions, especially in the 
SSC, which was fibrous in nature (Figure 5.9a). Small, round unlabelled gaps were 
present, probably corresponding to the location of unlabelled cell bodies. 
The DSC had a moderate level of label. In the pre-tectum there was heavy fibrous 
labelling. It is possible that given the absence of label in RGC's and the heavy labelling of 
the SSC that the source of this heavy axonal label in the pretectum is the SC. Alternatively, 
it may be present on the processes of cells which are intrinsic to this structure. 
5.5.2 Cat 
Unlike the rat, in the cat many of the cells in the GCL were heavily labelled for mGluR4. 
The label was mainly confined to the cell body, but in some cells, particularly larger cells, 
it was also present in the primary dendrites. The distribution of cells labelled was very 
similar to that seen following retrograde labelling of ganglion cells following HRP 
injections into the brain (Wassle et al. 1983). There were more cells labelled in central 
regions than in the retinal periphery and labelled cells could be grouped into those with 
large, medium and small somata. In both cases the large cells formed a distinct population 
which appeared to be distributed in a rough mosaic pattern. Analysis of the relative number 
of small, medium and large labelled cells based on measurements of soma sizes were 
undertaken on stained retinal strips at an eccentricity of approximately 1.5mm. At this 
location, the distribution of the cell body sizes was bimodal, with the somal size 
distribution of small and medium cells overlapping, whilst the large sized cells formed a 
distinctly separate group. 
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The mean somal size of the small, medium and large cells were 12,16 and 23 kim 
respectively (Figure 5.8). Their relative proportions of the total population were 
approximately 40-45%, 40-45% and 14% respectively. These results are consistent with 
the cells being RGC's. Further, it is clear that each of the three main ganglion cell types are 
represented within the labelled population. No other retinal cell types were labelled with 
mGluR4 antibody in the cat. Label was present in ON and OT, consistent with labelling 
observed in RGC's. It was identified in all regions of the tract through to the brachium of 
the SC consistent with mGluR4 being transported down RGC axons to their terminals. 
In the SC, the label was fibrous and distributed over the superficial layers providing further 
evidence of a retinal source for mGluR4 (Figure 5.9c). Minor levels of label were found in 
the intermediate layers of the SC. In DSC, occasional strong cell labelling was identified in 
large cells (Figure 5.91)). In these, the label extended throughout the primary dendrites. 
Label was also present in cell bodies of the LGN, although processes were not labelled 
(Figure 5.6). Many of the larger cells (mean cell diameter 26±0.1 1 ptm) were relatively 
heavily labelled in contrast to the smaller cells (mean diameter 14±0.1 1 gm) where a 
relatively small number of cell bodies were labelled. These two cell sizes formed two 
distinctly different populations as the differences in their sizes were statistically significant 
(paired T-test p<0.05). No obvious differential distribution of label was observed in the 
different layers of the LGN. Intense cell body and primary dendrite label was identified in 
the red nucleus and in the adjacent brain stem. 
5.5.3 Ferret 
There was no clear labelling of cells in the ferret retina. In the whole mounted sections, 
small punctate labelling was evident although it was not possible to determine its nature. 
Analysis of the transverse retinal section revealed moderate, occasional labelling of cells in 
the INL. Label was absent in the OT. In the LGN, there was moderate cellular label 
throughout the nucleus. Label was particularly pronounced in the C laminae (Figures 5.7a 
and b) and was mainly of a fibrous appearance although some lightly labelled cell bodies 
were evident. 
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All areas of the brainstern had a moderate level of label, with dense labelling in the SSC. 
Label was low in intermediate SC and moderate in DSC. Label in the SSC was similar to 
that in the rat and had a punctate fibrous appearance, consistent with terminal processes, 
with round gaps probably corresponding to the location of cell bodies (Figure 5.9b). Given 
that labelling was absent in the OT, it is possible that this terminal label is from a cortical 
source. 
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Figure 5.5 - rnGluR4 label in rat LGN- 
A- Low power micrograph of dLGN and vLGN. In both structures the label is 
fibrous but is stronger in vLGN than dLGN and pronounced in the intergeniculate 
leaflet between the two structures. Scale bar =I mm. 
B- Enlargement of A showing border of dLGN/vLGN. Scale bar = 500ýtm. 
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Figure 5.6 - mGluR4 label in cat LGN. 
The label was confined to cell bodies and was relatively light. Larger cells appeared 
to be more heavily labelled. Scale bar = 200ýtm. 
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Figure 5.7 - mGluR4 label in ferret LGN. 
A- Border of C-larninae (left side) shows heavier label than in adjacent region. Cell 
bodies are lightly labelled. Scale bar = 200gm. 
B- Higher magnification of this region shows that the labelling is due to the presence 
of labelled fibres. Scale bar= I 00gm- 
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Figure 5.8 - mGIuR4 in cat retina. 
Strongly labelled retinal ganglion cell bodies were present but no other label was 
found. All three classes of ganglion cells were labelled in all retinal regions. Scale 
bar = 80gm. 
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Figure 5.9 - mGluR4 in the SC of A- rat, B- ferret and Cat, C&D. 
Similar fibrous label was present in SSC in each of the three species. However, in the cat large 
cells were labelled in the DSC (D) which were not seen in the rat or ferret. Scale bar = 80ýtrn. 
Chapter 5 -presentation of immunohistochemistry data 86 
5.6 mGluR5 
5.6.1 Rat 
A few clearly labelled axons were visible in the GCL, although labelling for mGluR5 in 
RGC cell bodies was relatively light. There was also light cellular labelling in the ONL of 
the retina. Around 10% of OT fibres were labelled. In the LGN, heavy fibrous label was 
observed in dorsal and ventral regions (Figure 5.1 Oa). In the intergeniculate leaflet there 
was also axonal and terminal like label, with rare somal label. All midbrain areas had 
moderate labelling, with that in the SSC being a dense, solid band running across the 
medial lateral extent of the SC. Small, round unlabelled areas, probably corresponding to 
unlabelled cell bodies were evident. Only poor labelling was found in intermediate SC and 
moderate in DSC. Label in the SSC was not associated with cell bodies and was consistent 
with terminal processes (Figure 5.11 a) which may have a retinal or possibly thalamic 
source. Alternatively, this could arise from intrinsic inhibitory interneurones. Fibrous 
labelling was also present in the pretectum and could be of both retinal and collicular 
origin. 
5.6.2 Cat 
As with the rat, mGluR5 label was present in the RGC layer but its density was much 
lighter compared with mGluR4 and was confined to cell bodies. As with the pattern of 
labelling observed for mGluR4, the distribution of immunolabelled cells was very similar 
to that seen following retrograde labelling of ganglion cells following tracer injections into 
the brain. Similar analysis to that carried out in the mGluR4 stained retina was not 
undertaken for mGluR5 because the labelling with not sharp enough to guarantee accurate 
measurements. Rarely, labelled microglia were found throughout the retina (Figure 5.12). 
Axonal staining for mGluR5 was granular and relatively light. Because of this, it was not 
possible to estimate the proportion of axons that were labelled, but it was possible to trace 
the trajectory of occasional heavily labelled larger calibre axons over a considerable 
distance. 
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The extent of mGluR5 immunoreactivity in the optic nerve was greater than for mGluR4 
with approximately 10% of fibres in the OT being labelled. In the ON, there was also light 
glial staining. 
The label in the cat LGN was relatively strong, but apparently confined to processes rather 
than cell bodies, consistent with its location within retinal terminals (Figure 5.10c). 
Counterstaining revealed that immunoreactivity and cell bodies do not localise. Labelling 
in the OT and brachium. of the SC indicates that some mGluR5 label in the SC may result 
from retinal innervation. In the SC, mGluR5 label was lighter than that found with 
mGluR4 and confined mainly to the most superficial layers. The nature of the label was 
mainly fibrous with rare lightly labelled cell bodies. No cellular label was found in the 
deep layers, but as with mGluR4, there was prominent staining in the red nucleus and the 
lateral ocular motor nucleus, which was confined only to cell bodies. 
5.6.3 Ferret 
In the retina, labelled axons were visible, and in the transverse section it was possible to 
pick out occasionally labelled cell processes and fibres in the INL. Light staining was 
evident in the OT which was more consistent with axonal labelling than glial label. Label 
in the C laminae of the LGN was particularly prominent, with labelled cell bodies evident 
at higher magnification (Figure 5.10b). Labelling in SSC was intense and mainly fibrous 
with round unlabelled regions likely to correspond with unlabelled cell bodies, although 
there was occasional light cell body label. Insignificant levels of immunoreactivity were 
observed in deep SC layers (Figure 5.1 lb). 
ra- 
410 '. 1,10* 1 1- -06ý "-A 
41 
ILL 
Figure 5.10 - mGluR5 in the LGN of A- rat, B- ferret and C- cat. 
In each case label was confined to fibres, not cell bodies. The intensity of the label varied 
between animals with that in the rat being relatively dense and relatively light in the cat, 
label in the ferret was intermediate between the two. Scale bar - 70ýtm. 
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Figure 5.11 rnG1uR5 in A- rat and B- ferret SC. 
Label was predominantly confined to SSC in both animals. It was present in fibres, but not 
in cell bodies. Scale bar= I 00ýtm- 
Figure 5.12 - mGluR5 label in cat retina. 
In the retina label was present in microglia. These were well labelled but probably 
only present in a sub-population as labelled cells were relatively rare. Scale bar 
I 04M. 
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Table 5.1 Summary of distribution and relative intensity of mGluR immunolabel in 
different species 
la I lb I lc 1 2/3 14 1 :: 5:: ý] 
Rat 
Retina - 90C OP OP OC&P 
Optic nerve/optic tract oc *P OOP 
LGN oo*C oc 06C OC&P goop 09sp 
OC 
sc OOP DC *OOC 0*00C 
Ferret 
Retina OC OOC OC&P OC **P 
Optic nerve/optic tract - OP OC&P OP 
LGN **P OC OOC 
OP 
OOC *OOP oo**OC 
SC **P OOP OOC OOC 009op o0op 
9C 
Cat 
Retina oc *C OOC 
OP 
90C 
Optic nerve/optic tract DC qC&P oop oeop 
LGN op 'SC&P 09C 00C 0000op 
SC op op OOC OOOP OC&P 
P=Cell processes 
C= Cell bodies 
No label or not significantly greater than control 
0 Very light label 
400 Light label 
900 Moderate label 
00*0 Heavy 
00000 Very heavy 
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6.0 Results - Physiological role of mGluRs in modulation of 
visual responses 
6.1 Overview 
The results presented in this Chapter reveal that mGluRs are activated during visual 
synaptic transmission in the rat SSC and that activation of these receptors can produce both 
facilitatory and inhibitory effects. To design experiments to probe the role of mGluR 
mediated modulation of visual responses, some preliminary experiments were carried out to 
investigate the response characteristics of visually responsive SSC neurones. The data 
from these experiments are described in Section 6.2. By using different types of 
physiologically relevant stimuli it has been found that sub-types of mGluRs have distinct 
roles in modulating different aspects of the visual response (see Sections 6.8 and 6.9). 
6.2 Characterisation of response properties of visually responsive SSC 
neurones 
Previous work has investigated the response characteristics of visually responsive neurones 
in the SSC of different species including the rat (see Section 1.3 and Table 1.5 for details). 
In order to use appropriate stimuli for pharmacological investigations, some preliminary 
experiments were carried out to investigate the responses to different types of visual 
stimuli. Pharmacological modulation of some of the most interesting response types 
(habituation and contrast sensitivity) have been further investigated. A summary of these 
preliminary experiments is presented below. 
6.2.1 Size of the excitatory component of the receptive field 
Presentation of flashed spots of light resulted in a response consisting of "on" and "off' 
components. Presentation of very small stimuli elicited sub-maximal responses, with the 
mean maximal response elicited by a spot size of 9.80±1.7 (n=24). 
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Stimuli larger than the optimal response size led to a reduction of the response, consistent 
with the idea of activation of inhibitory surround mechanisms. See Fig 6.1 for data 
summary. 
When receptive fields were arbitrarily divided into "rostral" and "caudal" components of 
visual space, it was found that there was a small increase in the size of stimulus that elicited 
the maximal response for caudal receptive fields (10.50+-1.2) in comparison with rostral 
receptive fields (8.80+-1.3) although this difference was not statistically significant. There 
was no obvious correlation between recording depth and size of stimuli producing the 
maximal response. 
6.2.2 Orientation and directional selectivity 
Using two different methods to interpret data (see Section 4.7), it would appear that SSC 
neurones are not strongly tuned for orientation or direction although a few cells do exhibit a 
strong preference. Figure 6.2A shows the distribution of I values for all cells. Values of 
1>0.5 represent a ratio of 2: 1 of the maximum response compared with the minimum 
response. Mean I value for all data 0.46±0.3 (n=24). From examination of Figure 6.2A, it 
would appear that the data is categorised into three groups, however, when using another 
method to quantify the extent of orientation tuning, the cells do not appear to form three 
distinct populations (see Figure 6.2B). 
Another method for calculating the extent of orientation of directional selectivity is by 
scoring "B". B describes the spread of tuning such that aB value of 0 indicates that there is 
no bias as all and B value of I indicates that cells response only to a stimulus moving in 
one direction and orientation only. Mean B value for all data is 0.1 1±0.09. This low B 
value would suggest that rat SSC cells have little directional or orientation bias. See Figure 
6.2B for the distribution of B values. 
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6.2.3 Response to moving stimuli 
In contrast to the response to presentations of flashed objects, presentation of moving 
objects resulted in a continuous train of action potentials. Small responses occurred when 
the stimulus moved very fast (I 800/sec) and a decline in the response was observed in some 
cells when the stimulus moved very slowly across the receptive field (I 10/sec). Optimal 
responses were observed when stimuli moved in the range of 22.5 - 450/sec. 
6.2.4 Response habituation 
The extent of response habituation was calculated as described in Section 4.7. When the 
interstimulus interval was very small (0.5secs) the extent of habituation was greatest and 
decreased as the interstimulus interval increased. See Table 6.1 for data summary, Figure 
6.3 for a graphical representation of this data and Figure 6.4 for data from an individual 
neurone. 
Table 6.1 - Summary data of response habituation at different interstimulus intervals 
Interstimulus interval (secs) Extent of response habituation 
0.5 60.7%±17.1 
1 48.2%±20.1 
2 38.5%+20 
4 26.8%±18.7 
8 13.3%±10.1 
Table 6.1 - Summary data for 22 cells showing the extent of response habituation at 
different interstimulus intervals. 
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6.2.5 Contrast sensitivity 
All cells responded maximally to the highest contrast between stimulus foreground and 
background (background luminance 7.7cd M-29 foreground luminance 20cd M-2) with much 
smaller responses (53%±5 of full contrast response) to reduced foreground contrast (12.2cd 
M-2). 
Reduced and full contrast stimuli were used in subsequent experiments in order to vary the 
level of the synaptic response (see Section 6.9). 
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Figure 6.1 - Summary data for 24 cells. The response to flashed spots of light 
of different sizes is plotted as a percentage of the maximum response. Error 
bars = s. e. m. 
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Figure 6.4 -Extent of habituation in an individual neurone when the visual stimulus is 
presented at different interstimulus intervals as indicated above each plot. Extent of 
habituation as indicated by percentage values is calculated as in Section 4.7. Histograms 
show counts of spikes evoked by 5 presentations of identical stimuli (15 xI Odeg moving 
bar), cumulative data from 5 trials is shown for each plot, bin size=200msec. 
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6.3 Visual responses can be modulated by agonists of all three mGluR 
groups 
To investigate the effect of mGluR activation, group-selective agonists (Group 1: 3,5- 
DHPG, ejection currents +25 to 150nA, Group 11: LY354740, ejection currents -25nA to 
100nA, Group III: L-AP4,, ejection currents -25 to 100nA) were applied by iontophoresis. 
As some drugs may have selectivity across a concentration range, the smallest ejection 
current which would produce an effect was routinely used. Application of agonists of all 
three mGluR groups resulted in modulation of visual responses, Group I activation resulted 
in an inhibition of the visual response, with Group H and III agonists producing both 
excitatory and inhibitory effects. The effect of agonist application in every cell was fully 
reversible once agonist ejection ceased. See Table 6.2 for data summary. Figures 6.5,6.6, 
6.7A and 6.713 show examples of agonist effect for Group 1,11 and III respectively. There 
was no obvious correlation between agonist effect and recording site as revealed by deposit 
of dye spots. Figure 6.8 shows the distribution of drug effects (as a percentage of control) 
for both LY354740, L-AP4 and saline controls. From these distributions, it is clear that 
cells which are "agonist inhibited" form a distinctly separate population from cells that are 
"agonist facilitated" rather than being a single population distributed around 100% of 
control. The distribution of effects of saline application do not overlap with that of drug 
effects and are centered around 100% of control. 
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Table 6.2 Effect of agonist application on visual responses 
Agonist Effect on visual n= Effect on spontaneous Saline 
responses firing Controls 
Group I 
3,5-DHPG 
Inhibited 71±3.1%** 18 97±5.7% 96±3% 
(n=8) 
Group 11 
LY354740 
Inhibited 74±8.6%** 23 77±6.4%** 97±2.7% 
Facilitated 140±±4.7%** 20 120±7.5% (n=1 1) 
Group III 
L-AP4 
Inhibited 70±3.9%** 90 80±5.2%** 96±2.8% 
Facilitated 146±3.9%** 41 124±6.6% (n= 18) 
Results are expressed as % control ± s. e. m ** P<0.05 
In the majority of cells, application of the agonist produced either exclusively inhibitory or 
facilitatory effects, in a small proportion of cells (n=9 for L-AP4 and n=2 for 3,5-DHPG), 
the agonist could produce both inhibitory or facilitatory effects when different ejection 
currents were used. See Figure 6.9A for an example where the Group I agonist 3,5-DHPG 
has mixed inhibitory and facilitatory effects at different ejection currents and 6.913 for an 
example with the Group III agonist L-AP4. 
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Figure 6.5 - Data from an individual neuron showing that the Group I agonist 3,5- 
DHPG and Group I antagonist 4CPG have the opposite effect in the same neurone. 
The histograms show cumulative counts of action potential spikes during ( A) (i) 
control, (ii) inhibition of visual responses during DHPG ejection (+50nA), (iii) 
recovery data obtained 120 secs after 3,5-DIIPG ejection ceased. (B) (iv) new 
control, (ii) during 4CPG ejection (-IOOnA), (iii) recovery data obtained 120s after 
4CPG ejection ceased. 
Stimulus details: - Presentation of ten visual stimuli (5x 10- 15 ') moving at 22.5 '/sec 
for 4 secs every 10secs, bin size=200msec, trial duration= 110 secs). The moving bars 
were or preferred orientation and direction. Visual stimuli were presented during the 
period marked by the shaded bar under each histogram. 
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Figure 6.6 - Al and A2 -PSTH records from an individual neurone showing that the 
Group 11 agonist LY354740 and antagonist LY341495 have the opposite effect in the 
same neurone. In this neurone, LY354740 has a facilitatory effect, whilst LY341495 
causes an inhibition of visual responses. BI and B2 - Data from a different neurone, 
(compare with A) where LY354740 inhibits the visual response and LY341495 causes 
a facilitation. The histograms show cumulative counts of action potential spikes under 
(i) control conditions, (ii) during LY354740 or LY341495 ejection, (iii) recovery data 
obtained 120 secs after drug ejection ceased. See Figure 6.1 for details of visual 
stimulus. 
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Figure 6.7A - Al and A2 -PSTH records from an individual neurone showing that the 
Group III agonist L-AP4 and antagonist MPPG have the opposite effect in the same 
neurone. In this neurone, L-AP4 has a inhibitory effect, whilst NWPG causes a 
facilitation of visual responses. B1 and B2 - Data from a different neurone, (compare 
NNith A) where L-AP4 potentiates the visual response and MPPG causes an inhibition. 
The histograms show cumulative counts of action potential spikes under (i) control 
conditions, (ii) during L-A-P4 or MPPG ejection, (iii) recovery data obtained 120 secs 
after drug ejection ceased. See Figure 6.1 for details of visual stimulus. 
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Figure 6.7B - Al and A2 -PSTH records from an individual neurone showing that the 
Group III agonist L-AP4 and antagonist CPPG have the opposite effect in the same 
neurone. In this neurone, L-AP4 has an inhibitory effect, whilst CPPG causes an 
facilitation of visual responses. BI and B2 - Data from a different neurone, (compare 
with A) where L-AP4 facilitates the visual responses and CPPG causes an inhibition. 
The histograms show cumulative counts of action potential spikes under (i) control 
conditions, (ii) during L-AP4 or CPPG ejection, (iii) recovery data obtained 120 secs 
after drug ejection ceased. See Figure 6.1 for details of visual stimulus. 
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Figure 6.8 - Histograms showing the distribution of effect of (A) LY354740, (B) 
L-AP4, (C) Saline. Inhibitory and facilitatory effects of both LY354740 and L-AP4 
form two different populations which are not centrally distributed around 100% of 
control. Contrast with saline effects. 
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Figure 6.9A - The Group I agonist 3,5-DHPG can cause different effects on the visual 
response when the ejection current is varied. In this neurone DHPG has an inhibitory 
effect when ejected at +25nA, whilst a facilitatory effect is observed when the ejecting 
current is increased to +50nA. The plots show cumulative counts of action potential 
spikes during (i), control, (ii) during ejection of 3,5-DHPG (+25nA), (iii) recovery 120 
secs after DHPG ejection ceased, (iv) new control, (v) during ejection of 3,5-DHPG 
(+50nA), (vi) recovery data obtained 120 secs after DHPG ejection ceased. See Figure 
6.1 for details of visual stimulus. 
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Figure 6.9B - The Group III agonist L-AP4 can cause different effects on the visual 
response when the ejection current is varied. In this neurone L-AP4 has an inhibitory effect 
when ejected at -25nA, whilst a facilitatory effect is observed when the ejecting current is 
increased to -50nA and when the current is increased to -100nA inhibition occurs The plots 
show (i), control, (ii) during ejection of L-AP4 (-25nA), (iii) recovery 120 secs after L-AP4 
e ection ceased, (iv) new control, (v) during ejection of L-AP4 (-50nA), (vi) recovery data j 
obtained 120 secs after L-AP4 ejection ceased., (vii) new control, (viii) during L-AP4 
e ection (-I OOnA), (ix) recovery obtained 120 secs after L-AP4 ejection ceased See Figure j 
6.1 for details of visual stimulus. 
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6.4 Visual responses are also modulated by antagonist application 
To investigate the effect that release of the endogenous mGluR ligand (glutamate) has on 
visual synaptic transmission in the SSC, group-selective antagonists (Group 1: LY367385 
ejection currents -6 to -25nA and 4CPG -25 to 150nA, Group H: LY341495, ejection 
currents -25nA to 100nA Group III: MPPG ejection currents -25nA to 100nA and CPPG 
-25nA to 125nA) were applied by iontophoresis. As some drugs may have specificity 
within a concentration range, the smallest ejection current which elicited an effect was 
routinely used. Application of antagonists of all three groups affected the visual response 
indicating that mGluRs are involved in synaptic transmission during visual stimulation. 
LY367385 (selective mGluRl antagonist) did not significantly affect visual responses 
indicating that mGluR5 is the Group I receptor involved in synaptic transmission in the 
SSC. The effect of antagonist application was also compared with the effects of the 
corresponding agonist in the same cell. In very nearly every example, the antagonist effect 
was the opposite of the agonist effect, both in cells where the agonist inhibited visual 
responses and where visual responses were potentiated following agonist application. See 
Table 6.3 for data summary. See Figures 6.5,6.6,6.7A and 6.7B for examples of the 
contrasting effect of agonist and antagonist application in the same cell for Group 1,11 and 
HI respectively. 
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Table 6.3 Effect of antagonists on visual responses 
Antagonist Agonist Agonist % of cells with opposite 
Inhibited Facilitated agonist/antagonist effect 
Group I 
4CPG 131±4.5%** N/A 86% 
LY367385 106±3.0% N/A N/A 
(n=7) 
Group 11 
LY341495 124±3.5%** 74±4.1%** 95% 
(n=20) (n=23) 
Group III 
MPPG 140±5.4%** 65±3.9%** 93% 
(n=26) (n=14) 
CPPG 128±3.4%** 77±3.2%** 100% 
(n=1 1) (n=8) 
Results are expressed as % control ± s. e. m. The antagonist effect is compared with the 
effect of agonist application in the same cell (agonist inhibited or agonist potentiated). 
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Figure 6.10 - Data from two different neurones showing that the Group I antagonists 
4CPG (A) and LY367385 (B) block the effects of applied 3,5-DHPG. (i) control, (ii) 
inhibition of the visual response during DHPG ejection (+50nA), (iii) recovery data 
obtained 120 secs after DHPG ejection ceased, (iv) 4CPG or LY367385 (both -I OOnA) is 
ejected for 3 cycles, note the facilitatory effect on the visual response, (v) DHPG is now 
co-ejected with 4CPG or LY367385 for three cycles and there is little effect, (vi) DHPG 
ejection is ceased whilst 4CPG or LY367385 ejection continues, (vii) 4CPG or LY367385 
ejection ceases and recovery data is obtained. See Figure 6.1 for stimulus details. 
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Figure 6.11 - The Group 11 antagonist LY341495 is able to block the effects of the Group 11 
agonist LY354740. The plots show (i) control, (ii) during LY354740 ejection (-50nA), 
(iii) recovery data obtained 120 secs after LY354740 ejection ceased, (iv) the antagonist 
LY341495 (-50nA) is ejected for 3 cycles, note the facilitatory effect on the visual response, 
(v) LY354740 is now co-ejected with LY341495 for three cycles and there is little effect, 
(vi) LY354740 ejection is ceased whilst LY341495 ejection continues, (vii) LY341495 
ejection ceases and recovery data is obtained. See Figure 6.1 for details of visual stimulus. 
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Figure 6.12 - The Group III antagonist MPPG blocks the effects of applied L-AP4 when co- 
ejected (i) control, (ii) facilitatory effect of L-AP4 (-25nA), (iii) recovery data obtained 120 
secs after L-AP4 ejection ceased, (iv) NWPG (-50nA) is ejected for 2 cycles, (v) L-AP4 is 
now co-ejected with MPPG for two cycles and there is little effect, (vi) L-AP4 ejection is 
ceased whilst NIPPG ejection continues, (vii) MPPG ejection ceases and recovery data is 
obtained. See Figure 6.1 for stimulus details 
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Figure 6.13 - Summary histogram of 3,5-DHPG and antagonist effects. 3,5-DHPG has a 
significant inhibitory effect on visual responses, whilst the mGluR5 selective antagonist 
4CPG has a significant facilitatory effect on visual responses. The mGluRI selective 
antagonist LY367385 has little effect on visual responses when applied alone but is able 
to block the effect of applied 3,5-DHPG. DHPG does not have a significant effect when 
applied with the antagonists 4CPG or LY367385 and no change is seen once drug ejection 
ceases (recovery). (A) n=9, (B) n=8; error bars are s. e. m; **P<0.05. 
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Figure 6.14 - (A) Summary histogram of LY354740 and LY341495 effects on cells 
where LY354740 has an inhibitory effect. The antagonist LY341495 has the opposite 
effect and causes significant facilitatory effects in the same cells. LY354740 does 
not cause a significant effect when e ected together with LY341495 and no change is 
seen once drug ejection ceases (recovery). LY341495 is therefore able to block the 
inhibitory effect of LY354740. n=6; error bars are s. e. m; **p<0.05. (B) Summary 
histogram of LY354740 and LY341495 effects on cells where LY354740 causes 
facilitatory effects. LY341495 has the opposite effect and causes significant 
inhibition in the same cells. LY354740 does not cause a significant effect when 
ejected together with LY341495 and no change is seen once drug ejection ceases 
(recovery). LY341495 is therefore able to block the facilitatory effect of LY354740. 
n=9; error bars are s. e. m; * *p<O. 05. 
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Figure 6.15 - (A) Summary histogram of L-AP4 and MPPG effects on cells 
where L-AP4 has an inhibitory effect. The antagonist MPPG has the opposite 
effect and causes significant facilitatory effects in the same cells. L-AP4 does 
not cause a significant effect when ejected together with MPPG and no change 
is seen once drug ejection ceases (recovery). MPPG is therefore able to block 
the inhibitory effect of L-AP4. n=16; error bars are s. e. m; **p<0.05. (B) 
Summary histogram of L-AP4 and MPPG effects on cells where L-AP4 causes 
facilitatory effects. MPPG has the opposite effect and causes significant 
inhibition in the same cells. L-AP4 does not cause a significant effect when 
ejected together with MPPG and no change is seen once drug ejection ceases 
(recovery). MPPG is therefore able to block the facilitatory effect of L-AP4. 
n=8; error bars are s-e-m; **p<0.05. 
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Figure 6.16 - (A) Summary histogram of L-AP4 and CPPG effects on cells where L- 
AN has an inhibitory effect. The antagonist CPPG has the opposite effect and 
causes significant facilitatory effects in the same cells. L-AP4 does not cause a 
significant effect when ejected together with CPPG and no change is seen once drug 
ejection ceases (recovery). CPPG is therefore able to block the inhibitory effect of L- 
AP4. n=1 1; error bars are s. e. m; **p<0.05. (B) Summary histogram of L-AP4 and 
CPPG effects on cells where L-AP4 causes facilitatory effects. CPPG has the 
opposite effect and causes significant inhibition in the same cells. L-AP4 does not 
cause a significant effect when ejected together with CPPG and no change is seen 
once drug ejection ceases (recovery). CPPG is therefore able to block the facilitatory 
effect of L-AP4. n=8; error bars are s-e. m; **p<0.05. 
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6.5 Selective antagonists are able to block the effect of agonists 
To investigate whether group selective antagonists could block the effects of the 
corresponding agonist, antagonists were ejected for three cycles before the agonist was co- 
ejected with the antagonist for three cycles. Agonist ejection then ceased whilst antagonist 
were ejected for a further two cycles, antagonist ejection then ceased whilst recovery data 
was obtained. For all three mGluR groups, the group selective antagonists were able to 
block the effect of the specific agonist for that group, irrespective of whether the agonist 
produced an inhibitory or facilitatory effect. The data is summarised in Table 6.4. See 
Figures 6.10,6.11 and 6.12 for examples of data with Group 1, Group H and Group III 
drugs respectively and Figure 6.13,6.14,6.15 and 6.16 for summary histograms of the data. 
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Table 6.4 Group specific antagonists are able to block the effect of group specific 
agonists 
Agonist effect n Agonist alone Agonist + antagonist co-ejected 
Group I 
4CPG & 3,5-DHPG 
Inhibition 9 72±2.8%** 99±4% 
LY367385 & 3,5-DHPG 
Inhibition 8 78±3.5%** 98±4.8% 
Group 11 
LY341495 & LY354740 
Inhibition 6 75±3.3%** 101±2.8% 
Facilitation 9 128±4.1%** 99±3.4% 
Group III 
AILPPG & L-AP4 
Inhibition 17 71±4.1%** 99.6±2.5% 
Facilitation 9 140±1.5%** 100.3±2.0% 
CPPG & L-AP4 
Inhibition 11 67±2.0%** 103±3.7% 
Facilitation 8 123±4.6%** 95.6±3.4% 
44agonist alone" values are percentages of control values. Co-ejection values are 
percentages of effect of agonist co-ejected with antagonist compared with three cycles of 
continuous ejection of the antagonist. **p<0.05. 
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6.6 Control Experiments 
6.6.1 Effect of passage of iontophoretic current 
In order to mimic the effect of passing current through the electrode, current was passed 
through a barrel filled with I OOmM NaCl solution and the effect compared to controls. The 
polarity of the ejecting current was the same as ejecting current for the agonist under 
investigation (either - or + 25 to 200nA). The results are summarised for each group of 
experiments in Table 6.2 in the column headed c(saline controls". Ejecting current applied 
through this barrel did not significantly affect visual responses in any of the cells tested. 
See Figure 6.17 for examples from each agonist group. 
6.6.2 D-AP4 as a pharmacological control for L-AP4 
As a pharmacological control for L-AP4, the stereoisomer D-AN was applied to 32 cells 
(ejection currents -25 to -200nA) to which L-AP4 had also been applied. The results are 
surnmarised in Table 6.5. Although D-AP4 is a weak ionotropic (NMDA) glutarnate 
receptor antagonist (Evans et al. 1982), no statistically significant inhibition of visual 
responses was observed. Figure 6.18 show the effect of D-AP4 and L-AP4 on the same 
cell. D-AP4 had little effect, whilst L-AP4 had an inhibitory effect. 
Table 6.5 Effect of D-AP4 versus L-AP4 effect in the same cells 
Effect of L-AP4 n L-AP4 effect D-AP4 effect 
Inhibition 21 71±5%** 97±4% 
Facilitation 11 180±8%** 97±4% 
Results are expressed as % control ± s. e. m. **p<0.05 
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6.6.3 Specificity of LY341495 as a Group 11 Antagonist 
Although LY341495 has nanomolar antagonist potency Group 11 mGluRs (Kingston et al. 
1998), LY341495 at higher concentrations also has antagonist activity at other groups of 
receptors (particularly Group III mGluRs, Johnson et al. 1999, Turner & Salt 1999, 
Fitzjohn et al. 1999). To investigate the possibility that LY341495 may block Group III 
responses, LY341495 was co-ejected with the Group IH agonist L-AP4. L-AP4 (-50nA) 
was still able to produce an effect during the continuous ejection of LY341495 (-25nA to 
IOOnA), indicating that LY341495 has specificity for Group 11 mGluRs in these 
experiments. See Table 6.6 for data summary and Figure 6.19 for example. 
Table 6.6 Application of the Group 11 antagonist LY341495 does not block the effect 
of the Group III agonist L-AP4 
L-AP4 effect L-AP4 alone L-AP4 & LY341495 
Inhibited (n= 10) 70±3.6%** 69±4.1%** 
Facilitated (n=2) 134±2.1% 131±4.1% 
"L-AP4 alone" values are % control ± s. e. m. "L-AP4 and LY341495" values are 
percentages of effect of L-AP4 co-ejected with LY341495 compared with three cycles of 
continuous LY341495 ejection. **p<0.05. 
6.6.4 pH Control 
To assess the effect of ejected H+ ions on SSC neurones in experiments where 3,5-DI-fPG 
was applied, positive current was applied to a barrel containing I OOmM saline, which had 
been adjusted to around the same pH value as the 3,5-DFWG solution (approx pH 3.5) by 
addition of small amounts of IM HCI solution. Ejection of H+ and Na+ ions from this 
barrel (ejection currents +25nA to lOOnA) did not significantly affect visual responses 
(I 02±2.1 % of control n=6), See Figure 6.20 for example. 
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Figure 6.17 - Agonists of all three groups affect visual responses, but ejection of current 
through I OOmM NaCl solution does not affect the visual response in the same neurone. The 
plots show (A) the effect of 3,5-DHPG (B) LY354740 and (C) L-AP4 on visual responses. 
(i) control, (ii) during agonist application, (iii) recovery data obtained 120 secs after agonist 
application, (iv) new control, (v) during NaCl ejection (I OOnA), (vi) recovery data obtained 
120 secs after NaCl ejection ceased. See Figure 6.1 for stimulus details. 
D-AP4 -50nA 
50 i 
s 
p i k 
e 
s 
o LL 
JIL 
UNNINF-I 0 secs 10 
L-AP4 -50nA 
V 
50 
s 
0 
CANNED 
secs 10 JmGluR21/A 
Figure 6.18 - Data from an individual neurone where L-AP4 significantly reduces 
the visual response but the stereoisomer D-AP4 does not affect the visual response in 
the same cell. The plots show cumulative counts of action potentials during A- (i) 
control, (ii) little change during D-AP4 ejection (-50nA), (iii) recovery data obtained 
120 secs after D-AP4 ejection ceased. B -Data from the same neurone as A, (i) new 
control, (ii) inhibitory effect during L-AP4 ejection (-50nA), (iii) recovery data 
obtained after 120secs after L-AP4 ejection ceased. See Figure 6.1 for stimulus 
details. 
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Figure 6.19 - Data from a single neurone showing that LY341495 blocks the effect of 
LY354740 but not the effect of L-AP4 and therefore has a specific effect upon Group 11 
mGluRs. The plots show cumulative counts of action potential spikes during (i) 
Control, (ii) inhibitory effect of LY354740 (-50nA), (iii) recovery data obtained 120 
secs after LY354740 ejection ceased, (iv) LY341495 is continuously ejected for 3 
cycles, note the potentiation of the visual response, (v) LY354740 and LY341495 are 
now co-ejected for 3 cycles and there is little change, (vi) LY354740 ejection now 
ceases whilst LY341495 is ejected for a further 2 cycles, (vii) drug ejection ceases and 
recovery data is obtained, (viii) new control, (ix) inhibitory effect of L-AP4 (-50nA), (x) 
recovery data obtained 120 secs after L-AP4 ejection ceases, (xi) LY341495 is ejected 
for 3 cycles before (xii) co-ejection of L-AP4 with LY354740 for three cycles note that 
L-AP4 is still able to produce an inhibitory effect on visual responses, (xiii) L-AP4 
ejection ceases whilst LY341495 ejection continues for a further 2 cycles, (xiv) recovery 
data is obtained following cesation of all drug application. See Figure 6.1 for details of 
visual stimulus. 
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Figure 6.20 - Data from a single neurone showing the inhibitory effect of DHPG 
application, whilst ejection of H '/Na' from a solution of the same pH as the DHPG 
solution does not significantly affect the visual response. The plots show (i) control, 
(ii) inhibition of visual responses during DMPG ejection (+50nA), (iii) recovery data 
obtained 120secs after DHPG ejection ceases, (iv) new control, (v) little effect 
during ejection of H'/Na' (+I OOnA), (vi) recovery data obtained 120secs after drug 
ejection ceases. See Figure 6.1 for details of stimulus. 
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6.7 Effect of agonists on ionotropic glutamate evoked responses 
The effects of agonists on NMDA (ejection currents -60 to 200n. A) and AMPA (ejection 
currents -80nA to 200nA) evoked responses were examined for each mGluR group. The 
data is summarised in Table 6.7. This experiment determines if mGluRs are having an 
effect at the post synaptic site of the SSC relay cell. 
Table 6.7 Effect of agonists on ANIPA and NMDA evoked responses 
Agonist n AMPA NMDA Effect Vision 
3,5-DHPG 
Inhibited 8 116±6.7% 82.5±4.2% 82±1.9%** 
LY354740 
Inhibited 8 121±4.4% 88±3.9% 75±3.7%** 
Facilitated 1 148% 108% 119% 
L-AP4 
Inhibited 10 107±4.6% 110±4.7 % 76±3.3%** 
Facilitated 6 151±5.6%** 146±5.8%** 139±4.8%** 
Results expressed as % control ± s. e. m. 
6.8 Effect of agonists and antagonists on response habituation 
To investigate the possible involvement of mGluRs in response habituation, a visual 
stimulation protocol which resulted in response habituation (five single stimuli presented at 
0.5sec intervals, Binns and Salt 1997) was used to assess the extent of habituation in the 
control situation before selective agonists and antagonists were applied. In controls, the 
response to the last stimulus was typically 40±3.6% (n=93, p<0.05) less than the response 
to the first stimulus. 
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The average extent of habituation observed using the full contrast stimuli was not 
significantly different from that observed in the same cells using the lower contrast stimuli. 
The Group HI agonist L-AP4 produced an increase in the extent of response habituation in 
cells where L-AP4 inhibited the visual response (ejection currents -25nA to IOOnA, Figure 
6.21 for example) whereas application of the Group HI antagonists NVPG or CPPG 
decreased the extent of response habituation in these same cells (ejection currents -25nA to 
125nA). In contrast, the Group I and Group R agonists 3,5-DIHEPG (ejection currents 
+25nA to 150nA) and LY354740 (ejection currents -25nA to IOOnA) or Group I and 
Group H antagonists 4CPG (ejection currents -25 to 150nA) and LY341495 (-25 nA to 
IOOnA) did not have any such effect upon the extent of response habituation (Figure 6.2 1). 
The data for effect upon response habituation by mGluR agonists and antagonists is 
summarised in Table 6.8. 
AsGABAB(but not GABAA) receptors are also involved in the generation of response 
habituation in the SSC (Binns & Salt 1997), the effect of response habituation produced by 
L-AP4 and inhibited by MPPG was examined in the presence of the GABABantagonist 
CGP35348. CGP35348 ejected alone (+25 to +lOOnA) caused a reduction in response 
habituation by 16.3±3.4%, consistent with GABABantagonism as previously reported 
(Binns & Salt 1997). In the presence of CGP35348, L-AP4 (ejection currents -25nA to 
100nA) still increased the extent of habituation (Figure 6.22, Table 6.8), whilst MPPG was 
still able to reduce the extent of habituation (ejection currents -25 to I OOnA, Figure 6.22, 
Table 6.8). The data indicate that Group III mGluRs are involved in generating a 
component of response habituation in the SSC which is distinct from that mediated by 
GABABreceptors. 
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Table 6.8 Effect of group-specific drugs on response habituation. 
Group Effect upon Habituation Effect on Habituation 
with GABABantagonist 
Group I 
355-DUPG +1.6±3.9% (n=9) - 
4CPG -0.2±2.7% (n=9) - 
Group 11 
LY354740 +2.1±2.1 % (n= 18) - 
LY341495 -5.5±2.4% (n= 18) - 
Group III 
L-AP4 +21.8±3.7%** (n=16) +21±2.7%** (n=7) 
CPPG or NWPG - 19.7±3.2 %** (n= 16) -2 3.7±3.5 %** (n= 16) 
Values are increases or decreases in response habituation from pre-drug values. Neither of 
the Group I or Group H compounds affected habituation, whereas the Group III agonist L- 
AN significantly increased the extent of habituation and the Group 1111 antagonists CPPG 
or NWPG reduced habituation. In the presence of the GABABantagonist CGP35348, the 
effect of the Group III drugs were not occluded. "significantly different from pre-drug 
habituation value (P<0.05). 
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Figure 6.21 - Group I and 11 agonists do not significantly affect the extent of response 
habituation although the Group III agonist L-AP4 significantly increases response 
habituation. Data from B and C are from the same neurone. The histograms show 
counts of spikes evoked by 5 presentations of identical stimuli (15 x 10 ' moving bar, 
moving at 44'/sec for 2 secs with interstimulus interval of 0.5secs, bin size=20omsec, 
cumulative data from 5 trials is shown for each plot. In each panel, the extent of 
response habituation (calculated as described in Section 4.7) is shown. A- (i ) control, 
(ii) little effect on response habituation although the overall visual response is 
significantly inhibited during DHPG ejection (+50nA), (ii) recovery data obtained 
75secs after DHPG ejection ceased. B- data from a different neurone (i) control, (ii) 
little effect on response habituation during LY354740 ejection (-50nA), (iii) recovery 
data obtained 75secs after LY354740 ejection ceased, C- data from the same neurone 
as B (i) new control, (ii) significant increase in response habituation and inhibition of 
the visual response during L-AP4 ejection (-50nA), (iii) recovery data obtained 75secs 
after L-AP4 ejection ceased. 
0 secs 12.5 
CGP35348 +50nA 
L-z7§k, 
-Z%l ZX Zl#& If% dX-, Z%l Ifx ZNI ZNI ZN-A 
40 
s 
0 
40 
s 
p 
i 
k 
e 
s 
0 
i 22% j 50% 
1 
1611 
Figure 6.22 - PSTH records from a single neurone showing the reduction in response 
habituation by MPPG in the presence of CGP35348 and increase in response habituation by 
L-AP4 in the presence of CGP35348. See Figure 6.12 for stimulus details. The plots show 
(a) control, (b) reduction in response habituation following CGP35348 ejection (+50nA), (c) 
a further reduction in response habituation following co-ejection of NWPG (-50nA) with 
CGP35348, (d) an increase in response habituation in observed following cessation of NWPG 
ejection, (e) response habituation increases further following cesation of CGP35348 ejection, 
(f) new control, (g) reduction in response habituation following CGP35348 ejection, (h) 
increase in response habituation following co-ejection of L-AP4 with CGP35348, (i) 
response habituation reduces following cesation of L-AP4 ejection, 0) response habituation 
increases after recovery from CGP35348 application. 
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6.9 The effect of antagonist application when the magnitude of visual 
response is varied 
In-vitro studies have shown that activation of mGluRs may occur under conditions of 
intense synaptic activity (Scanziani et al., 1997, Rusakov and Kullmann 1998, Mitchell and 
Silver 2000). It is possible to modulate the response magnitude of neurones in the SSC 
very simply by adjusting the contrast between stimulus foreground and background. 
Reduction of the foreground contrast results in a visual response which is on average 
55±3.2% of the response under normal full contrast. At low contrast, the effects of the 
Group 11 antagonist LY341495 (ejection currents -25nA to I OOnA) were less prominent 
than under high contrast conditions, irrespective of whether the antagonist inhibited or 
reduced visual responses (Table 6.9, Figure 6.23). In contrast, when the Group I (4CPG 
ejection currents -25nA to 150n-A) or Group III antagonists (CPPG or NWPG, ejection 
currents -25nA to IOOnA) were applied, little difference in effect was seen between high 
and low contrast stimulus conditions (Table 6.9, Figures 6.23). 
Table 6.9 Effect of antagonists at low and high contrast 
Antagonist Effect Low contrast stimuli High contrast stimuli 
Group I 
4CPG Facilitated (n=10) 121±4.7% 124±3.4% 
Group 11 
LY341495 Inhibited (n=6) 76±4.4%** 62±4.7%** 
LY341495 Facilitated (n=6) 130±5%** 144±4.3%** 
Group III 
CPPG/MPPG Inhibited 73±3.6% 67±4.4% 
CPPG/MPPG Facilitated 129±4.5% 139±5.4% 
Values are percentages of control visual responses ±s. e. m. All antagonists had significant effects on visual 
responses under both low and high contrast stimulus conditions (P<0.05). However, the Group 11 antagonist 
effect was significantly different at low contrast from the effect at high contrast (** P<0.05), whereas there 
was no significant difference between low and high contrast groups during application of the Group I or 
Group III antagonists. 
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Figure 6.23 - Data from 3 different neurones showing that the magnitude of effect at low and 
high stimulus contrast is different for the Group 11 antagonist LY341495, but not the Group I 
(4CPG) or Group III (CPPG) antagonist. See Figure 6.1 for stimulus details. Luminance of 
foreground object 20cd/M 2 (high contrast) or 12.2cd/M 2 (low contrast). A- The Group I 
antagonist 4CPG produces a similar effect on visual responses under conditions of either low 
contrast (Al) or high contrast (A2). B -LY341495 has a greater effect on the visual response 
under conditions of high stimulus contrast (132) than under conditions of low contrast (B 1). C 
-The Group III antagonist CPPG produces a similar effect on the visual response under 
conditions of low contrast (C I) and high contrast (C2). The plots show (1) control, (ii) during 
antagonist application, (iii) recovery data obtained 120secs after anatagonist ejection ceased. 
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6.10 Conclusions 
* All three groups of mGluRs are involved in modulating visual transmission in the 
rat SSC. mGluR5 rather than mGluRl appears to be the receptor activated by 
endogenous glutamate released during visual stimulation. 
9 Activation of Group H and III mGluRs can produce both inhibitory and facilitatory 
effects. 
e Activation of Group I mGluRs would appear to produce mainly inhibitory effects. 
* In the majority of cells, application of agonists produced exclusively inhibitory or 
facilitatory effects however, in a few cells both inhibitory and excitatory effects 
could be observed when the ejection current was varied. 
9 The Group 1111 agonist L-AP4 is able to modulate iGluR evoked responses and 
therefore have some activity at the post-synaptic site of the SSC relay cell. 
Application of Group I and 11 agonists has little effect on iGluR evoked responses. 
9 Group III mGluRs have a role in response habituation which is distinct from 
previously reported GABABmediated mechanisms. 
9 Activation of Group H mGluRs appears to be activity-dependent and have a 
functional role in detecting stimuli contrast. 
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7.0 Discussion of Results - Immunohisto chemistry 
7.0 Overview 
In general, the results reveal that differences predominate in patterns of mGluR labelling in 
the three species examined and that there are few similarities in the distribution and 
intensity of mGluR immunoreactivity. In many cases, the same antibodies labelled 
completely separate features in different species. Hence, it is highly unlikely that mGluRs 
subserve similar functions in visual processing in these three species. Consequently, 
considerable caution should be taken in assuming that physiological or anatomical data 
obtained for one species will have parity with other species. This is particularly important 
in view of the common use of these three species in investigations of visual function. 
Given that there is a very high degree of sequence homology (around 96%) in cloned 
mGluRs from species as diverse as drosophila (Parmentier et al. 2000), rat and human 
(Emile et al. 1996, Wu et al. 1998) there is little question that mGluR antibodies will fail to 
label ferret and cat mGluRs (i. e. false negatives). Unfortunately, no immunoblot data is 
available for the antibodies used in this study and therefore some question remains as to the 
degree of non-specific cross-reactivity that these antibodies may have in the species used 
(i. e. false positives). With this in mind, it should be noted that there are a number of cases 
where labelling for a specific antibody in a particular region was found in only one species 
(such as mGluRla labelling in the rat retina). It is likely that in these cases that the absence 
of label in the other species is an important difference. It should be noted that since this 
study was carried out, new antibodies have become commercially available. It would be 
interesting to compare labelling produced by these newer antibodies with the results of this 
study. Another problem inherent with immunohistochemical studies is the presence of 
"edge effects" therefore caution should be taken when interpreting labelling which occurs 
close to the edge of a section. 
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7.1 mGluRl 
Antibody staining for mGluRI a showed a pattern, distribution and intensity that was 
similar in the rat and ferret and different in the cat. Where labelling occurred in the cat it 
was of a much weaker intensity than in the rat or ferret. Immunoreactivity for mGluRlb 
was dissimilar in all species and mGluRlc showed a pattern of label which was broadly 
similar for all species. 
In-situ hybridization and immunohistochemical studies have shown that mGluR1 is widely 
expressed and distributed in the adult rat brain (Shigemoto et al. 1992). There are high 
levels of mGluR1 mRNA expression in the GCL of the retina (Hartveit et al. 1995) and high 
levels of mGluR1 a immunoreactivity in RGC's (Peng et al. 1995). I-Egh levels of mGluR I 
(Fotuhi et al. 1993) and mGluR1a immunoreactivity (Baude et al. 1993) are present in the 
SSC and LGN (Fotuhi et al. 1993). In this study, very little mGluRlb immunolabel was 
found in the rat and it is therefore more likely that in earlier studies which have used pan 
mGluR1 antibodies (antibodies that recognise all splice variants of mGluRl) show labelling 
for mGluR1 a or Ic receptors. High levels of immunoreactivity were observed in the SC in 
a study which used a specific mGluR1 a antibody (Martin et al. 1992) in the rat, similar to 
that observed in this study. mGluR1 a immunoreactivity was reported in all thalamic nuclei, 
which presumably includes the LGN although it was not specifically mentioned in Martin 
et al. 1992. In this same study, high levels of immunoreactivity were particularly 
pronounced in brain areas which received primary sensory afferents including the SC. This 
evidence, together with the high level of labelling of the LGN observed in this study would 
indicate that mGluR1 and in particular mGluRla is associated with modulation of synaptic 
transmission in rat sensory systems. mGluR1 has been shown to be involved in modulating 
responses in-vivo in another sensory thalamic nuclei called the ventrobasal nuclei which 
receives somatosensory input (Salt & Eaton 1994). 
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mGluRla (1199 amino acids) is comparatively larger than mGluRlb (907) or Ic (897) (Pin 
et al., 1992, Tanabe et al., 1992, Pickering et al. 1993) and has a longer intracellular C- 
terminal. 
In the cat (Godwin et al. 1996a), mGluR1 a immunolabel is located in dendrites of relay 
cells in the LGN, which receive retinal inputs. Activation of these receptors by 
iontophoretic application of mGluR agonists changes the firing rate of these cells from 
burst to tonic mode (Godwin et al. 1996b). mGluR1 a immunolabel is also present on 
dendrites of relay cells in the dLGN which receive cortical input from area 17 of visual 
cortex (Vidnyanszky et al. 1997). In this study, light labelling was observed throughout the 
cat LGN, which is in agreement with the findings of both the Godwin (1996b) and 
Vidnyanszky (1996) studies. In this study light labelling was observed in the SGS layer of 
the SSC which was consistent with cell processes. Retinal axons terminate in the SGS 
where cortical inputs also form synapses. Given that there was no labelling in the optic 
nerve, it is likely that the labelling in the SSC is of cortical afferent origin or is present on 
the processes of intrinsic SSC cells. 
Although labelling was observed in the GCL of the ferret retina, it is unlikely that these 
cells are ganglion cells, as little label was observed in the ON (optic nerve) and the 
labelling observed in the LGN and SC was cellular and not consistent with terminal 
labelling. An alternative explanation is that the labelled cells observed in the GCL are 
indeed ganglion cells, but that synthesised protein is not transported to central terminals. 
7.2 mGluR2/3 
A very consistent theme in all areas and species examined was the heavy labelling of 
astrocytes with the mGluR2/3 antibody. 
In general, the distribution of label suggested more similarities between the ferret and cat 
although there were a few marked differences between these animals. 
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mGluR3 has a widespread distribution in the brain and is strongly expressed in glia 
although some neurones also express mGluR3 (Tanabe et al. 1993). Immunoreactivity for 
mGluR2/3 was weak in the rat retina in agreement with studies which reveal that there is no 
mGluR3 mRNA expression (Hartveit et al. 1995, Tanabe et al. 1993) or immunoreactivity 
(Koulen et al. 1996) in the rat retina. 
However, weak mGluR2 mRNA expression has been demonstrated in the rat GCL (Ohishi 
et al. 1993a, Hartveit et al. 1995). In a study examining expression of mGluR mRNA in 
the rat retina (Hartveit et al. 1995) no mGluR expression was observed in Muller cells 
although the results described in Section 5.4.1 and 5.5.1 indicate that immunoreactivity for 
mGluR2/3 and mGluR4 was present on Muller cells in the rat retina. 
An immunohistochemical study (Neki et al. 1996) observed marked immunoreactivity for 
mGluR2 in some brain areas, but not the SSC or LGN. An in-situ hybridization study 
(Ohishi et al. 1993a) showed only background levels of mRNA expression in the SSC and 
LGN. It is therefore most likely that the immunoreactivity observed in this study is 
primarily mGluR3 rather than mGluR2. 
In-situ hybridization (Ohishi et al. 1993b) showed moderate levels of expression of 
mGluR3 mRNA in both the SSC and visual cortex, although only background levels were s 
observed in the LGN. In this same study, no significant level of mRNA expression in the 
retina was shown, indicating that the source of mGluR3 immunoreactivity seen in the 
present study in the SSC is either from cortical afferents or intrinsic SSC cells. Here, 
mGluR2/3 SSC immunoreactivity was observed in cell bodies rather than cell processes 
indicating that the most likely location for mGluR3 immunoreactivity is intrinsic SSC 
neurones. Interestingly, in the mouse, 2/3 immunopositive cells are only seen in the SO 
layer of the SC (Kim & Jeon 1999). Although there was marked neuronal labelling in the 
LGN, it was not possible to determine the morphology of labelled cells. Another study 
(Petralia et al. 1996) which used a combined mGluR2/3 antibody also revealed moderate 
levels of label in the SSC, LGN and cortex. 
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Combined mGluR2/3 antibodies have also revealed that levels of mGluR2 and 3 protein are 
regulated during development in the kitten visual cortex by visual experience (Beaver et al. 
1999). In animals aged 3-4 weeks, mGluR2/3 immunoreactivity disappears from layer 4 
with dark rearing postponing this developmental change. It has been suggested that the 
reduction in Group H (i. e. mGluR2 and mGluR3) receptors results in the formation of 
ocular dominance columns in layer 4 of visual cortex. 
7.3 mGluR4 
The distribution of mGluR4 immunolabel highlighted differences between all three species. 
The only similar patterns of label were found in the ferret and cat SC, although the intensity 
was heavier in the ferret. In-situ hybridization studies have described a fairly restricted 
level of mGluR4 mRNA expression in the rat brain (Kristensen et al. 1993, Ohishi et al. 
1995), with only low levels of expression in the SC and visual cortex. 
in the rat, expression of mGluR4 mRNA is high in RGC's (Akazawa et al. 1994, Hartveit 
et al. 1995) although in the current study, no immunolabel was observed in RGC's, label 
was observed in the ON and OT (optic tract) and in retinorecipient areas of the brain, 
suggesting that mGluR4 mRNA in RGC cell bodies may be transported to the central 
terminals. There was heavy fibre labelling in the pretectum (which receives inputs from the 
retina and SC) and it is feasible that this could originate from either retina or SC afferents. 
mGluR4 labelling was also detected in the ON of the cat, with heavy labelling of the LGN 
and SSC indicating that one source of mGluR4 is from the retina. 
In the ferret, heavy C-laminae label was observed. As no label was found in the retina or 
ON it is possible to assume that C-laminae labelling is present on relay cells or that it is 
from the relatively small cortico-geniculate projection to this lamina (Claps & Casagrande 
1990). Label observed in the SSC was consistent with terminal processes and it is likely 
that a significant proportion of the origin of this label in the SSC is of cortical origin given 
the absence of labelling in the OT. 
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7.4 mGluR5 
Immunoreactivity for mGluR5 was broadly similar in all species, with all animals having 
light label in the ON's and heavily labelled LGN and SC. The most notable difference 
between the species was that the C-laminae of the ferret LGN were very heavily labelled, 
with no similar regional variation in the distribution of label in either the rat or cat LGN- 
The C-laminae of the ferret receives mainly retinal input although the ON was only lightly 
labelled. It is possible that mGluR5 label is present on relay cells or arises from the 
cortico-geniculate projection (Claps & Casagrande 1990). 
In the rat and cat, labelling was identified in the retina and ON suggesting that at least some 
of the observed label in the LGN and SSC may be of retinal origin, although an in-situ 
hybridization study indicated that there is no mGluR5 mRNA expression in rat RGC's 
(Hartveit et al. 1995). Heavy axonal label was observed in the IGL and terminal like label 
was present in the SSC, it is possible that the terminal labelling in the SSC may result from 
IGL afferents which project to the SGS (Moore et al. 2000). 
An immunohistochemical study (Shigemoto et al. 1993) in the rat brain has demonstrated 
that mGluR5 has a widespread distribution with intense staining in the SSC, although it is 
not possible to determine intensity of label in the LGN of this study. 
mGluR5 immunolabel in the cat LGN has been reported to be associated with the dendrites 
of retinorecipient LGN neurones and interneuronal dendrites (Godwin et al. 1996a). The 
labelling in the LGN was not consistent with soma, but was consistent with terminals, it is 
feasible that this may result from retinal input, although this may also have resulted from 
terminal processes of intemeurones. 
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7.5 Data Summary 
* In the retina, mGluR subtypes 2/3,4 and 5 were found in different regions of each 
species. Additionally mGluRlb was found in the rat retina, mGluRIa and 
mGluRIc in the ferret retina and mGluRl a in the retina of the cat. 
* In the LGN all mGluR subtypes were found in the rat and ferret but there were 
differences in the distribution and intensity of labelling between species. In the cat 
LGN only mGluRlc, mGluR2/3, mGluR4 and mGluR5 were found. 
9 In the SSC all sub-types were found in the rat and ferret, but again there were 
differences in the labelling patterns between these species. In the cat all subtypes 
were found with the exception of mGluRlb. 
9A consistent feature in all species was labelling of astrocytes with the mGluR2/3 
antibody. 
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7.6 Conclusion 
Although there were some similarities between different species (for example, heavy 
astrocytes label with the mGluR2/3 antibody), in general there are broad differences in the 
distribution, intensity and type of mGluR labelling between species. This is somewhat 
unexpected given the relatively close phylogenetic relationship between the ferret and cat. 
It would be expected that the results for the cat and ferret would share more similarity in 
comparison with the rat data. Both ferrets and cats are carnivorous predatory animals 
where vision is the primary sensory system. The organisation of the ferret visual system 
would appear to be share more similarities with the cat than the rat. For example, cells in 
the LGN form well ordered cellular laminae in both the ferret (Linden et al. 198 1, Johnson 
and Casagrande 93, Zahs & Stryker 1985) and cat (Hickey & Guillery 1974), and other 
members of the order Carnivora (Sanderson 1974). The rat LGN is not obviously 
laminated (Brauer et al. 1979). DevelopmenW landmarks such as time of innervation of 
sub-thalamic visual nuclei and time of eye opening are similar in the ferret and cat (Linden 
et al. 198 1). However, there are a few key differences in the ferret LGN including a much 
larger monocular region in the ferret and large and well differentiated C-laminae. The 
visual system is the primary sensory system in the ferret and cat with relatively large areas 
of cortex involved in visual processing, this is in contrast with the rat which is 
predominantly an olfactosensory animal. However, some aspects of the ferret visual 
system are similar to that of the rat for example, the extent of the ipsilateral projection in rat 
(approx. I%, Potts et al. 19 82) and ferret (approx. 7%, Henderson et al. 19 8 8) is very 
different to that of the cat (approx. 25% Aebersold et al. 198 1). 
The findings of this immunohistochernical study are consistent with the hypothesis that 
there are large divergences in receptor types and distributions between relatively closely 
related animals. 
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8.0 Discussion - Physiological role of mGluRs in modulation of 
visual responses 
8.1 Comment on characterisation of SSC neurone response properties 
Preliminary experiments were carried out to investigate the response properties of visually 
responsive neurones in the SSC. Although the physiological characterisation of such cells 
has previously been extensively investigated (see Table 1.5 for a summary of such 
experiments) such experiments are very useful for designing the parameters of visual 
stimuli that are used in pharmacological studies. 
The results presented in Section 6.2 are generally consistent with the findings of previous 
studies of SSC visual responses. Receptive fields are found to be topographically 
organised in visual space. For example, when the recording electrode was in the anterior 
SC, the receptive fields were located in rostral. visual space, and when the electrode was in 
the medial SC, the receptive fields were located in upper visual space. Previous studies 
have suggested that the response characteristics change upon progression from dorsal to 
ventral SSC and that this is likely to occur due to differences in the distribution of cell types 
within these layers (Humphrey 1968, Gonzalez et al. 1992). In general, no significant 
change in any of the response properties was observed upon transition to deeper recording 
sites in the SSC. This is most likely to have resulted from a sampling bias of the most 
superficial cells, with poor penetration into "deeper" SSC regions. In pharmacological 
experiments, there appears to be no correlation between agonist effect and recording 
position of the electrode within the SSC (see Section 8-2). 
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8.1.1 General receptive field properties 
The exact composition of the receptive field, i. e. size and shape of the excitatory and 
inhibitory components is difficult to investigate in an un-paralysed preparation as small 
movements of the eye may lead to misleading results. However, it is apparent in this 
preparation that most cells have receptive fields with an excitatory "core" and inhibitory 
surround, with an increase in spot size beyond the optimal response resulting in a decrease 
in the response. Surround inhibition in the SSC is mediated by GABAAreceptors (Binns & 
Salt 1997). 
Previous studies (Humphrey 1968, Gonzalez et al. 1992) have suggested that the size of the 
receptive field can be used to classify cells into three groups (see Table 1.5). It would 
appear that the group with the smallest receptive field size (mean size 5.40) were not 
observed in this study, although cells with intermediate (mean size 8.10) and large receptive 
field sizes (mean size 18.10) were apparent. It is possible that cells with the smallest class 
of receptive field were sampled, but that they do not form a distinctly separate population 
which is separate from cells with intermediate sized receptive fields. The mean optimum 
spot size in the characterization experiments (9.80-+1.7) is very similar to a study from the 
same laboratory (9.60+-1.2, Binns & Salt 1997). 
In this study it was noted that the mean stimulus size eliciting the largest response increased 
slightly upon transition from rostral to caudal visual space (although this was not 
statistically significant). This is consistent with previous reports (Humphrey 1968, 
Gonzalez et al. 1992) and the distribution of wide-field cells (Table 1.5) that are more 
frequent in posterior SC than anterior SC and have large dendritic fields that receive 
convergent inputs. 
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8.1.2 Orientation and directional selectivity 
Two methods were used to quantify orientation or direction selectivity. From examination 
of the "I" score (see Sections 4.7 and 6.2.2) it would appear that some visually responsive 
SSC neurones have some degree of orientation selectivity with 48% of cells having a score 
of 1 >0.5. In contrast, in a previous study in the cat SSC from the same laboratory (Binns 
& Salt 1996), 93% of cells had an I value greater than 0.5, indicating that rat SSC cells are 
less selective for orientation or direction than those of the cat. This is consistent with other 
studies (Gonzales et al. 1992, Sefton 1969) reporting that only a small number of cells in 
the rat SSC show strong orientation preference. 
The distribution of "B" values (see Figure 6.313), has an extreme left skew, with a very high 
percentage of cells showing no preference to bars moving in any direction or orientation. 
The mean B value of 0.11 is slightly smaller than that obtained for the cat SSC in the same 
laboratory (B=0.16, Binns & Salt 1996). In the cat, neurones in the visual cortex have high 
B values (B value of 0.9, Nelson et al. 1977) whilst retinal ganglion cells (B = 0.16, Levick 
& Thibos 1982) and LGN cells (B= 0.14, Leventhall & Schall 1983) are only weakly 
selective. It is possible that SSC neurones are not highly selective for orientation or 
direction as they are concerned with the immediate detection of the presence of a visual 
object ("where is it? ") rather than detailed analysis of the stimulus ("what is it? ", see 
Section 1.1). 
8.1.3 Response habituation 
A consistent feature of cells in the SSC of a number of species, including the rat is that the 
response declines to a sustained stimulus resulting in "habituation" (Humphrey 1968, 
Fukuda et al. 1978, Gonzalez et al. 1992). In this study it was very easy to evoke 
habituation by reducing the interstimulus frequency of a series of moving bars or by 
moving a bar very slowly (<] 10/sec) across the receptive field. 
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D- 
Response habituation is a key feature underlying the role of the SC as a "novelty detector" 
and it is possible that mGluRs may have a role in modulating this response (see Chapter 3). 
For these reasons, the role of mGluRs in modulating response habituation was investigated 
(see Section 8.3.5). 
It is possible that the response may decline due to factors other than "habituation" such as a 
small eye movement. A test that could have been applied during the experiments described 
in Sections 6.2.4 and 6.8 is the presentation of a "novel" stimulus (for example a moving 
bar travelling across the RIF in a different direction or a flashed spot) shortly after 
presentation of the "habituating stimuli". Such a test would determine if the system 
response is declining due to a persistent stimuli but is still able to evoke a robust response 
to a novel event. 
Another interesting observation was that it was very easy to modulate the level of response 
of cells by changing the contrast of the stimulus foreground, with a small reduction in the 
foreground contrast resulting in a significant decrease in the response. 
This stimulus was employed in experiments where the effect of antagonist application 
during different levels of synaptic activity was investigated (see Section 8.3.3). 
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8.2 All three groups of mGluRs are involved in modulating visual 
synaptic transmission in the rat SSC 
The data presented in Section 6.3 demonstrates that agonists of all three mGluR groups are 
able to modulate the response of visually responsive neurones in the SSC. Activation of 
Group I mGluRs results in an inhibition of the visual response (although facilitation 
occurred in a small number of cells when the ejection current was varied) whilst activation 
of Group H and III mGluRs produces both inhibitory and excitatory effects. 
Furthermore, the data presented in Section 6.4 shows that antagonists of all three groups are 
able to produce an effect on visual responses when applied alone, suggesting that all three 
mGluR groups can be activated by an endogenous ligand during visual synaptic 
transmission in the SSC. This is the first indication that mGluRs are involved in synaptic 
transmission in the SSC. 
Interestingly, in a small proportion of cells, Group I and Group HI agonists were found to 
have both inhibitory and facilitatory effects in the same cell when the agonist was applied 
at different ejection currents. For the Group H agonist, mixed inhibitory/facilitatory effects 
were not observed, although an increase in the magnitude of effect was seen when the 
ejection current was increased. Although it is not possible to rule out "non-specific effects" 
when high ejection currents are used, it is most likely that different effects result from 
activation of receptors on different cells as ejection currents are varied. Although only one 
cell is being recorded from, it is important to remember that iontophoretic application of 
any drug will influence many cells in the vicinity of the recording electrode. It is feasible 
that these "mixed" effects might occur due to the agonist binding to different types of 
receptors as the drug concentration changes, with the observed effect dependent upon the 
precise spatial relationship between different cells and the source of the exogenous drug at 
the electrode tip. In a physiological context, the effect of mGluR activation will also 
depend upon the spatial relationship of receptors with respect to the site of endogenous 
transmitter release. 
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There was no observed correlation between agonist effect and location of the electrode in 
the SSC (as revealed by dye spot deposit). It is feasible that such a relationship may exist 
as some SSC cells have been described as having different dorso-ventral and rostro-caudal 
distributions (see Table 1.2). Also, retinal afferents (see Section 1.2.1) and cortical 
afferents (see Section 1.2.3) terminate in slightly different locations within the superficial 
layers. Attempts to identify a possible relationship between agonist effect and recording 
depth did not reveal any observed correlation. This analysis was only undertaken for cells 
where the recording depth could be assessed accurately, i. e. where little cortical 
inflammation had occurred due to multiple electrode entries. Additionally, analysis of the 
recording position on the rostro-caudal and medio-lateral axis did not reveal any 
relationship between agonist effect. 
8.3 Possible mechanisms for modulatory effects of exogenous agonists 
There is substantial evidence that all three mGluR groups can downregulate glutamate 
(Koerner & Cotman 198 1, Forsythe & Clements 1990, Baskys & Malenka 199 1, Lovinger 
199 1, Calabresi et al. 1993, Gereau & Conn 1995b, Johansen & Robinson 1995, Lovinger 
& McCool 1995, Manzoni & Bockaert 1995, Macek et al. 1996, Pisani et al. 1997a, 
Dietrick et al. 1997) and GABA (Desai & Conn 199 1, Pacell i& Kelso 199 1, Calebresi et 
al. 1992, Desai et al. 1992, Glaurn & Miller 1992, Desai et al. 1994, Stefani et al. 1994, 
Gereau & Conn 1995b, Llano & Marty 1992, Poncer et al. 1995, Salt & Eaton 1995, 
Fitsimons & Dichter 1996, Mitchell & Silver 2000) release at different synapses. 
Glutamate (Roberts et al. 199 1) and GABA (Binns & Salt 1997) have previously been 
demonstrated to be involved in synaptic transmission in the rat SSC. It is very likely that 
some of the inhibitory effects of mGluR agonist application in the SSC result from an 
inhibition of glutamate release, either at the retino-collicular synapse or the cortico- 
collicular synapse. It is also possible that facilitation of visual responses occurs by 
reducing the extent of GABAergic transmission. 
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Possible mechanisms could involve a reduction of GABA release by inhibitory 
interneurones which form synapses with SSC relay cells of by reducing the glutamatergic 
drive of these GABAergic neurones (Binns & Salt 1995). 
8.3.1 Group I 
Figure 8.1 provides a pictorial summary of the possible location of Group I receptors in the 
SSC. Group I mGluRs include mGluRI and mGluR5. 
Application of 3,5-DH: PG was able to produce an inhibition of the visual response in all 
cells. Interestingly, in a small number of these cells, 3,5-DHIPG produced both inhibitory 
and facilitatory effects when applied at different currents, although for the majority of cells, 
3,5-DBPG application resulted in purely inhibitory effects. 
Following cessation of 3,5-DI-IPG application, complete recovery to control values was 
achieved irrespective of effect. This is in contrast to other results which indicate that 3,5- 
DIHPG mediated inhibition is persistent (McCaffery et al. 1999). As the solution of 3,5- 
D]HPG used was of a low pH (-3.5), pH controls (see Section 6.6.4) were carried out. 
Although some studies have demonstrated that ejection of H+ has an excitatory effect 
(Kmjevic & Phillis 1963, Hewes & Frederickson 1974), ejection of H+ in these experiments 
did not significantly affect the visual response. Group I mGluRs do not appear to be 
involved in modulating response habituation in the SSC as 3,5-DUPG application did not 
alter the extent of response habituation. 
Application of the Group I antagonist 4CPG produced a facilitatory effect in every cell, 
indicating that Group I mGluRs may be activated by an endogenous ligand during synaptic 
transmission in the SSC. The magnitude of 4CPG effect was not different when the low 
and high contrast stimuli were used indicating that activation of Group I mGluRs is not 
dependant upon glutamate concentration and also indicating that Group I receptors in the 
SSC probably occupy a central synaptic location. 
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Interestingly, in other brain regions there is ultrastructural evidence for Group I mGluRs 
being located at the periphery of synapses (Baude et al. 1993, Lujan et al. 1996,1997, 
Vidnyanszky et al. 1996) although the physiological data presented here would suggest that 
this is not the case for the SSC. Application of LY367385 (mGluR1 selective antagonist) 
did not produce an effect when applied alone (but see Fig 6.10 where LY3 673 85 has a 
small excitatory effect) although LY367385 did block the effect of exogenous agonist. 
It is therefore likely that the receptor involved in synaptic transmission in the SSC is 
mGluR5 rather than mGluRl. The possibility that LY367385 was not getting out of the 
electrode can be ruled out as LY367385 application block the effect of 3,5-DHPG. This 
data indicates that the exogenous agonist 3,5-DBPG has an effect at both mGluRI and 
mGluR5, but that the receptor activated by glutamate released during synaptic transmission 
is mGluR5. 
Immunohistochernical studies indicate that there is heavy fibrous mGluR5 labelling in the 
SSC (Shigemoto et al. 1993, Romano et al. 1995). In Section 5.6.1, heavy fibrous labelling 
in the SSC was also described. Although the pharmacological evidence suggests that 
mGluRI does not participate in visual synaptic transmission, studies have shown that 
mGluRI expression (Shigemoto et al. 1992) and immunolabel (Martin et al. 1992, Baude et 
al. 1993, Fotuhi et al. 1993, Peng et al. 1995, see also Sections 5.1.1 and 5.3.1) is present in 
the SSC. 
Although no ultrastructural studies looking at the synaptic location of Group I mGluRs has 
been undertaken in the SSC, studies from other brain regions suggest that Group I mGIuRs, 
predominantly occupy postsynaptic locations (Martin et al. 1992, Shigemoto et al. 1993, 
van den Pol et al. 1995, Shigernoto et al. 1997) although presynaptic Group I receptors 
have also been found (Romano et al. 1995). Application of 3,5-DfWG did not have a 
significant effect upon iGluR evoked responses (see Section 6.7 and Table 6.7) suggesting 
that modulation by Group I receptors may involve receptors which are not located in the 
postsynaptic membrane of the SSC relay neurone. 
Chapter 8- discussion ofphysiology andphannacology results 151 
Activation of Group I mGluRs in other preparations produces mainly facilitatory effects 
due to inhibition of potassium currents (see Section 2.7.1) or activating cation currents (see 
Section 2.7.2). Group I receptors (by reducing IABp) reduce response accommodation in a 
number of different brain regions and preparations (see Section 2.7.1, Charpak et al. 1990. 
Pacelli & Kelso 199 1, Zheng & Gallagher 1992, Salt & Eaton 199 1). It is tempting to 
predict that Group I may play such a role in modulating response habituation in the SSC 
although the data demonstrates that activation by 3,5-Dl-fPG does not significantly affect 
response habituation (Section 6.8). 
3,5-D]HPG could inhibit visual responses by depolarising inhibitory intemeurones resulting 
in an increase in GABA release (Zhou & Hablitz 1997, Chu & Hablitz 1998). Other studies 
have also demonstrated that GABAergic transmission may be enhanced (Llano & Marty 
1995, Poncer et al. 1995, Sciancalepore et al. 1995) by Group I mGluRs. If Group I 
modulation does involve mGIuR5 rather than mGIuRI (as indicated by the lack of effect of 
LY367385 application), it could be possible to discount the hypothesis that inhibition 
mediated by 3,5-DBPG results from depolarisation of the inhibitory intemeurone as there is 
no evidence for mGIuR5 expression in cell bodies of the SC (Abe et al. 1992). However, 
fibrous mGIuR5 immunoreactivity is present (Shigemoto et al. 1993, Romano et al. 1995) 
in the SSC which probably corresponds to cortical terminals (Shigemoto et al. 1993, 
Romano et al. 1995) or possibly retinal afferents (see Section 5.6.1 ). 
Group I mGluRs have been demonstrated to reduce glutamate release (Lovinger 199 1, 
Manzoni & Bockaert 1995, Gereau & Conn 1995b) and it is perhaps more likely that the 
inhibitory effect of Group I activation results from an inhibition of glutamate release at the 
cortical or possibly retinal terminal rather than facilitating GABAergic transmission at 
inhibitory interneurones. 
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In this study, in a small percentage of cells (around 10%) application of 3,5-DHPG was 
found to have a bi-phasic effect at different ejection currents. Application of 3,5-DHPG in 
the hippocampus caused facilitatory effects at low concentrations (2.5-5gM), whilst at 
higher concentrations (20 - 50gM), 3,5-DBPG had an inhibitory effect (Zahorodna et al. 
1998). The inhibitory effect at the high concentration range was associated with an 
inhibition of excitatory synaptic transmission. Unfortunately, it is not possible to determine 
the concentration of drug ions applied by a given ejection current when applying drugs by 
iontophoresis. It would be interesting to investigate the effect of different concentrations of 
3,5-DUPG application to the SSC in-vitro. 
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8.3.2 Group 11 
Figure 8.2 provides a pictorial summary of the possible location of Group 11 receptors in the 
SSC- Group II mGluRs include mGluR2 and mGluR3. 
Expression data has revealed that there is no mGluR3 expression in the rat retina (Koulen et 
al. 1996) and only weak mGluR2 expression in the ganglion cell layer of the retina 
(Hartveit et al. 1993). It is unlikely that mGluR2 is transported to central terminals of 
RGC's as no mGluR2 immunoreactivity is observed in the SC (Neki et al. 1996, Ohishi et 
al. 1998). Given this evidence, it is reasonable to conclude that Group H receptors are not 
present on the retinal projection to the SSC and to therefore rule out involvement of the 
retinal projection in Group 11 modulation. There is immunohistochemical (Petralia et al. 
1996) evidence for the presence of Group H mGluRs in the SGS layer of the SC. 
Expression studies reveal that mGluR2 (Ohishi et al. 1993a) and mGluR3 (Ohishi et al. 
1993b) is present in the cortex whilst cells in the SC also express mGluR3 (Ohishi et al. 
1993b, Tanabe et al. 1993). 
Examination of other brain regions reveals that Group 11 mGluRs are located in both pre 
and postsynaptic locations (Ohishi et al. 1994, Neki et al. 1996, Shigemoto, et al. 1997). 
However, the Group U agonist LY354740 did not significantly affect iGluR evoked 
responses in the SSC (see Section 6.7 and Table 6.7 for data) indicating that modulation of 
visual responses by Group R mGluRs involves predominantly pre-synaptic mechanisms. 
It is conceivable that the inhibitory actions of LY354740 are predominantly due to an effect 
on terminals of cortico-collicular afferents, thus reducing visual responses by inhibiting 
glutamate release (Lovinger 199 1, Lovinger & McCool 1995). Facilitatory effects of 
LY354740 application may result from disinhibition. This could occur directly by 
activating Group 11 mGluRs on intemeurones and reducing GABAergic transmission 
(Calabresi et al. 1992, Hayashi et al. 1993, Salt & Eaton 1995, Cox and Sherman 1999) or 
by reducing excitatory input to the intemeurone. LY354740 could reduce excitatory input 
to the intemeurone by inhibiting glutarnate release from the cortico-collicular afferent. 
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Interestingly, systemic administration of LY354740 in the conscious rat results in a 
significant increase in glucose metabolism in the SSC and regions of the limbic system 
(Lam et al. 1999). 
mGluR3 is highly expressed in glia (Ohishi et al., 1993b, Testa et al., 1994, Jeffery et al., 
1996, Petralia et al., 1996, Mineff & Valtschanoff 1999) therefore, it is also possible that 
Group H agonists may have a modulatory effect on synaptic transmission in the SSC via 
receptors located on glial cells (Winder & Conn 1996). 
8.3.3 Group 11 receptors may be activated by glutamate spillover 
Section 6.9 describes how the magnitude of Group 1I antagonist LY341495 effect is smaller 
during periods of reduced synaptic response. This effect was not observed with antagonists 
of Group I and Group III. There is evidence for the "extrasynaptic" location of Group H 
receptors in several brain areas (Nusser et al. 1994, Lujan et al. 1997, Mineff & 
Valtschanoff 1999, Azkue et al. 2000) and it has been proposed that these receptors are 
only activated when there is "spillover" of glutarnate out of the main synaptic region, 
possibly during periods of intense synaptic activity (Scanziani et al., 1997, Rusakov & 
Kullmann 1998, Dube & Marshall, 2000, Mitchell & Silver 2000). However, it has not 
been clear how relevant this may be to synaptic processing under physiological conditions. 
Data showing that the effect on visual responses of a Group U antagonist varies with 
stimulus intensity within the physiological range indicates that the extrasynaptic receptors 
play a role in synaptic processing during visual responses. It is noteworthy that the 
contrast-dependent effect of LY341495 was observed both in neurones where the agonist 
LY354740 enhanced visual responses or inhibited visual responses. 
Interestingly, for both the Group I and Group III antagonists, there was no significant 
difference between effects at low and high contrast. This indicates that the involvement of 
Group I and Group III receptors in synaptic transmission in the SSC is not so dependent 
upon synaptic concentration of glutamate and could also suggest that Group I and Group III 
receptors have a more "central" synaptic location (Shigemoto et al., 1996, Ottersen & 
Landsend 1997). 
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Although LY341495 has nanomolar antagonist potency for Group 11 mGluRs (Kingston et 
al. 1998) it has antagonist activity at other mGluRs at higher concentrations. When 
LY341495 was co-ejected with L-AP4, L-AP4 was still able to produce an effect indicating 
that in these experiments, LY341495 is having specific antagonist activity at Group 11 
receptors only and not Group HI receptors (see Section 8.4.3). 
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8.3.4 Group III 
Figure 8.3 provides a pictorial summary of the possible location of Group HI receptors in 
the SSC. 
Group III mGluRs include mGluR4, mGluR6, mGluR7 and mGluR8. Although no analysis 
of SSC immunolabelling for Group III mGluRs has been undertaken at the electron 
microscope level, results from other brain regions reveal that Group III mGluRs are 
predominantly located pre-synaptically (see Section 2.5 for details, Ohishi et al. 1995, 
Shigernoto et al. 1996,1997, Wada et al. 1998). However, Group III receptors have also 
been found in postsynaptic locations (see Section 2.5 for details, Bradley et al. 1996, 
Brandstatter et al. 1996, Bradley et al. 1998). As L-AP4 was shown to modulate iGluR 
responses (see Section 6.7) it is likely that some Group III receptors could have a 
postsynaptic location in the SSC and that these postsynaptic receptors may be involved in 
modulating the visual response. In the nucleus accumbens (Martin et al. 1997), L-AP4 
inhibits the NMDA component of the EPSC in the presence of TTX, suggesting that L-AP4 
can have a postsynaptic effect in this preparation. 
In an in-vivo preparation it is difficult to determine whether a drug has an effect at pre or 
post synaptic sites. However, it is possible to test for a post synaptic effect by examining 
the effect upon responses evoked by application of iGluR agonists. This is a particularly 
suitable investigation for mGluR ligands as mGluRs have been demonstrated to inhibit K' 
channels (see Section 2.7.1) which would result in a decrease in input resistance (Bond & 
Lodge 1995) which would result in a potentiation of iGluR evoked responses. 
Using in-situ hybridization methods, low levels of mGluR4 were found in the SC and 
cortex, whilst mGluR7 was moderately expressed in the SC and visual cortex (Okamoto et 
al. 1994, Ohishi et al. 1995). Using an antibody for mGluR7a, intense fibre labelling is 
found in the SC (Bradley et al. 1998), this could correspond to axonal labelling of cortical 
afferents or intrinsic SSC neurones. 
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In Section 5.5.1, strong fibrous labelling for mGluR4 was observed in the SSC. MGIuR4 
(but not mGIuR7, Brandstatter et al. 1996) is highly expressed in retinal ganglion cells 
(Hartveit et al. 1995, Koulen et al. 1996) and it is possible that these receptors may be 
located at the axon terminal where they may participate in synaptic transmission. 
However, the results described in Section 5.5.1 report that no mGluR4 label was observed 
in the RGC layer or in the optic tract of the rat. 
mGluR8 expression is not apparent in the SSC (Corti et al. 1998), although moderate levels 
are found in the cortex (Saugstad et al. 1997) and it is therefore possible that mGluR8 may 
be present on terminals of cortico-collicular afferents. mGluR8 immunoreactivity is also 
found in RGCs (Koulen et al. 1999) and some receptors may be transported to their central 
terminal mGluR6 is almost exclusively distributed in retinal bipolar ON cells (Masu et al. 
1995) and it is therefore most unlikely that mGluR6 contributes to L-AP4 mediated 
modulation of synaptic transmission in the SSC. 
In most of the cells studied, iontophoretic application of L-AP4 resulted in a reduction of 
visual responses. The most feasible mechanisms by which L-AP4 can reduce visual 
responses in the SSC is by reducing glutarnate release. Presynaptic L-AP4 mediated 
depression of glutarnate release has been well characterised in a number of studies (Koerner 
& Cotman 1981, Harris & Cotman, 1983, Forsythe & Clements 1990, Baskys & Malenka 
199 1, Gereau & Conn 1995). The effects of L-AP4 can be inhibited by pertussis toxin 
(Herrero et al. 1996), suggesting that the receptor is coupled to a G, protein. Although the 
exact downstream effects are not known, L-AP4 has been shown to reduce glutamate 
release by inhibiting a P/Q type calcium conductance in other brain regions (Takahashi et 
al. 1996). 
L-AP4 also produced a facilitatory effect in some cells, it is possible that this may occur as 
a result of a decrease in GABAergic inhibition. L-AP4 has previously been demonstrated 
to reduce the extent of GAIBAergic inhibition in the thalamus (Salt & Eaton 1995). 
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As for Group H mGluRs, a reduction in GABAergic transmission could result from a direct 
inhibition of GABA release at the terminal of the inhibitory intemeurone which synapse 
onto visually responsive neurones, or a reduction of the glutamatergic excitation which 
drives the GABAergic intemeurones. 
L-AP4 has a high potency for mGIuR4 and mGluR8 (Conn & Pin 1997) and a low potency 
for mGluR7 (Okamoto et al. 1994). It is therefore likely that mGluR4 or 8 may be more 
likely than mGIuR7 to be activated during iontophoretic application of L-AP4. 
Unfortunately, it is not possible to quantify the amount of drug released by iontophoretic 
application and it is therefore not possible to determine the dose of L-AP4 required to elicit 
the effects observed in these experiments. Use of an in-vitro preparation where known 
concentrations of drugs may be applied may give a clearer idea of the Group III receptors 
involved by examining the concentration of L-AP4 required to produce effects. The effect 
of L-AP4 is stereospecific as application of the stereoisomer D-AP4 did not significantly 
affect visual responses. 
8.3.5 Role of Group III mGluRs in response habituation 
GABAB(but not GABAA) receptors contribute to the process of response habituation 
(Binns & Salt 1997). Data presented in Section 6.8 show that activation of Group In 
mGluRs with L-AP4 enhances habituation, whereas habituation is reduced by the Group III 
antagonist M[PPG. As the effects of L-AP4 and MPPG are still evident in the presence of 
the GABABantagonist CGP35348, it would appear unlikely that receptors located on 
GABAergic interneurones or input to these neurones contribute to the modulation of 
habituation by Group III receptors. Although such data is not available for the rat, in the 
rabbit, response habituation does not depend on cortical input (Horn & IFE11 1966, Stewart 
et al. 1973). In the experiments described in section 6.8, damage inevitably occurs to the 
visual cortex as a result of penetration by the multi-barelled electrode with the extent of 
damage being variable from preparation to preparation. 
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It is noteworthy that it was possible to generate habituation in every example regardless of 
the extent of cortical damage and this suggests that in the rat, like the rabbit that response 
habituation does not involve cortical mechanisms. Based on the evidence that visual cortex 
does not appear to be involved in generating habituation, it is possible that habituation 
arises due to activation of mGluRs on the retinal terminal. 
During high rates of afferent stimulation (such as during generation of response 
habituation) the elevated level of glutamate released by the retinal afferent could activate 
pre-synaptic mGluR autoreceptors resulting in a downregulation of glutamate release wbicb 
results in a decline in the response and generation of habituation. Binns & Salt (1997) 
suggested that GABABreceptors located on interneurones could produce habituation. An 
alternative mechanism could involve GABABreceptors sited at the retinal terminal. During 
high rates of stimulation glutamate released by the retinal afferent could provide extra input 
to the inhibitory interneurone where GABA may feedback to a GABABreceptor on the 
retinal terminal, thereby reducing glutamate release (Emri et al. 1996). Additional 
inhibition of glutamate release from the retinal terminal may occur due to metabotropic 
autoreceptor activation. 
Consistent with the hypothesis that the mGluR mediated component of response 
habituation is mediated by Group III (and not Group I and 11) mG]uRs located on the retinal 
terminal, Group I and 11 receptors are unlikely to be located at the retinal terminal. As 
previously discussed, there is no evidence for Group H mGluRs being located at the retinal 
terminal. 
Group I receptors are predominantly located post-synaptically (Martin et al. 1992, 
Shigemoto et al. 1993, van den Pol et al. 1995, Shigemoto et al. 1997) although they are 
also found in pre-synaptic locations (Romano et al. 1995). Sections 5.1.1,5.2.1 and 5.3.1 
indicate that RGC's are not immunoreactive for mGluRI a, mGluRlb and mGluRlc 
respectively and that labelling for all three mGluRI antibodies in the SSC was not 
consistent with retinal terminal label. However, some immunoreactivity for mGluR5 was 
found in RGC's and their axons (see Section 5.6.1). 
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As discussed previously, it is tempting to think that Group I mGluRs may have a role in the 
modulation of response habituation given that Group I receptors have been shown to inhibit 
a potassium current involved in neuronal repolarisation (IAHP, Baskys et al. 1990, Charpak 
et al. 1990, Desai & Conn 199 1, Gerber et al. 1992, Glaum & Miller 1992, Ceaser et al. 
1993, Schrader & Tasker 1997, Zahorodna et al. 1998). mGluRs have been shown to 
reduce response habituation in a number of brain areas (Charpak et al.. 1990, Pacelli & 
Kelso 199 1, Zheng & Gallagher 1992, Salt & Eaton 199 1) and it is thought that some of 
these effects are due to an inhibition of IAIp. However, application of the Group I agonist 
3,5-DIIPG did not affect response habituation (see Section 6.8, Table 6.8 for data). 
Response habituation during visual recognition tasks occurs in the rat perirhinal cortex 
(Zhu et al. 1996). Application of mGluR agonists of all three mGluR groups (I S, 3R- 
ACPD, 3,5-DHPG, 2R, 4R APDC and L-AP4) to an in-vitro preparation (McCaffery et al. 
1999) results in an inhibition of evoked responses. Furthermore, this effect persisted after 
drug washout from the preparation for all agonists tested apart from L-AP4. The authors of 
this study suggest that the long term inhibitory effects of Group I and 11 mGluR activation 
may underlie response habituation in the perirhinal cortex in-vivo. 
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8.4 Comment upon control experiments 
8.4.1 Passage of iontophoretic current does not affect neuronal responses 
It is reasonable to assume that the drug effects observed are specific effects due to drug ion 
ejection and not passage of iontophoretic current. It is possible to rule out "current 
artefacts" as ejection of current through a barrel containing 100mM NaCl solution did not 
affect visual responses. Currents selected for these saline controls were at least the sum 
total of the highest ejection currents used during agonist/antagonist co-application 
experiments and in most cases ranged from 100 to 200nA. See Section 6.6.1 and Table 6.2 
for data summary. 
8.4.2 Effect of L-AP4 is drug specific 
For some experiments where L-AP4 was used, an additional pharmacological control was 
used. The stereoisomer D-AP4 did not have a significant effect in cells where L-AP4 
significantly affected the visual response (see Section 6.6.2 and Table 6.5 for details). 
Although D-AP4 is not active at mGluRs, D-AP4 is a weak NMDA antagonist (Evans et al. 
1982) and it is perhaps surprising that D-AP4 did not have a small inhibitory effect in some 
cells. The lack of D-AP4 effect in the SSC could be explained by the relatively small 
component of visual synaptic transmission that is mediated by NMDA type receptors 
(Roberts et al. 199 1). 
8.4.3 LY341495 has antagonist activity at Group 11 receptors only 
Although nanomolar potency for the Group 11 antagonist LY341495 at Group 11 mGluRs, 
has been described (Kingston et al. 1990) at higher concentrations, LY341495 may also 
have antagonist activity at other mGluRs (Johnson et al. 1999, Turner & Salt 1999, 
Fitzjohn et al. 1999). A serious drawback with applying drugs by iontophoresis is that it is 
not possible to quantify the concentration of drug applied to the tissue. 
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In order to minimize problems with drugs having non-specific effects it is sensible to 
routinely use the lowest ejection current possible to obtain effects. Where it is know that 
some drugs have specificity over a concentration range it is possible to test their specificity 
against other drugs. In order to test the specificity for LY341495 as an antagonist at Group 
H mGIuRs, LY341495 was co-applied with the Group H agonist LY354740 and it was 
found that the Group 11 antagonist successfully blocked the effect of the Group 11 agonist 
(see Section 6.5 and Table 6.4). However, when LY341495 was co-ejected with the Group 
HI agonist LAN it was not possible to block the effect of the Group HI agonist (see 
Section 6.6.3 and Table 6.6). This data indicates that in these experiments, LY341495 is 
having antagonist activity at Group 11 receptors only and that antagonist activity at Group 
HI mGluRs can be disregarded. 
8.4.5 Ejection of W does not affect the visual response 
As previous studies have indicated that ejection of W from drug solutions can affect 
neuronal responses (Kmjevic & Phillis 1963, Hewes & Frederickson 1974) pH controls 
were carried out in some experiments. In experiments where 3,5-DHPG was used, positive 
current was ejected from a barrel containing I OOmM NaCl adjusted to - pH3.5 which is the 
same as the DHPG solution. Ejection of Na+ and H+ from this barrel did not result in a 
significant effect upon visual responses (see Section 6.6.4 for data). Although is it 
satisfying to note that H+ ejection does not appear to have an effect in these experiments, it 
is important to consider that ejection of H+ from saline solution may not result in the same 
localised change in pH when drug ions and W are ejected. 
When a drug ion is ejected into a medium where the pH is significantly different to that of 
the parent solution (i. e. the drug ion moving out of the barrel into extracellular fluid), then 
the drug ion can either release or take up H+ depending on the nature of the drug ion and 
relative pH values of the two solutions (Curtis 1964). It is therefore unlikely that the 
change in pH in the extracellular environment is exactly the same when ejecting current is 
applied to the drug or control solutions. 
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8.5 Conclusion 
9 All three groups of mGluRs appear to be involved in visual synaptic transmission in 
the rat SSC. 
* Activation of Group I mGluRs produces mainly inhibitory effects, this inhibition 
may occur as a result of inhibition of glutamate release from the cortical terminal. 
An alternative mechanism could involve depolarisation of inhibitory intemeurones 
resulting in an increase in GABAergic transmission. 
9 Activation of Group II and III receptors can cause both facilitation and inhibition. 
Inhibition of the visual response may occur due to an inhibition of glutamate release 
from the cortical afferent (Group 11 and HI) or from the retinal afferent (Group 111). 
* Facilitation of visual responses by Group 11 and IH mGluRs may result from a 
reduction of glutamatergic inhibition. This may occur directly by inhibiting GABA 
release from the terminal of the inhibitory interneurone or more indirectly by 
inhibiting the glutarnatergic drive of the interneurone, either at the retinal input 
(Group 1H) or cortical afferent (Group H and HI). 
* Group H mGluRs are differentially activated during different levels of synaptic 
response. This may occur as a result of glutamate spillover away from the centre of 
the synapse resulting in activation of extrasynaptic receptors. This could have a 
functional role in the SSC in contrast discrimination. 
o Group HI mGluRs mediate a component of response habituation which is distinct 
from that mediated by GABABreceptors. mGluR mediated response habituation 
could be generated by activation of autoreceptors located on retinal terminals during 
high frequency stimulation. In this way, mGluR activation may result in a 
behavioural. effect by allowing the rat to distinguish what constitutes a new visual 
event and thereby allow the generation of an appropriate behavioural. response. 
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9.0 Project Conclusions 
The work presented in this thesis has demonstrated for the first time that mGluRs are 
involved in visual synaptic transmission in the rat SSC. The data indicates that activation 
of mGluRs from a single group can mediate both facilitatory and inhibitory effects. This 
probably occurs due to mGluRs being located on different cell types and afferent SSC 
inputs. In a physiological context, It is most unlikely that selective activation of any 
mGluR occurs and that the effect of synaptically released glutamate will depend on a 
number of factors. This may include the extent of glutamate diffusion and re-uptake at the 
synapse, location and affinity of different mGluRs and iGluRs and the frequency of afferent 
stimulation. 
Immunohistochernical data presented in Chapter 5 and discussed in Chapter 7 suggests that 
mGluRs are distributed very differently in the visual system of different species. It is 
therefore unlikely that activation of mGluRs in other species will result in exactly the 
observed effects described here for the rat. Nevertheless, this study has indicated that 
mGluRs have interesting functional roles. This includes activity dependent activation 
(Group 1I receptors) and the generation of response habituation (Group III receptors). 
It is possible that activation of mGluRs under different environmental situations may 
ultimately result in the generation of different types of behavioural response that are 
appropriate to the nature of the visual event. 
References 168 
References 
Abdul-Ghani, M. A., Valiante, T. A., Carlen, P. L., Pennefather, P. S. (1996) Tyrosine kinase 
inhibitors enhance a Ca2+ -activated K' current (IAHp) and reduce IAHpsuppression by 
a metabotropic glutamate receptor agonist in rat dentate granule neurones. J Physiol 
(496) 139-144. 
Abe, T., Sugihara, H., Hiroyuki, S., Nawa, H., Shigernoto, R., Mizuno, N., Nakanishi, S. 
(1992) Molecular characterization of a novel metabotropic glutamate receptor 
rnGluR5 coupled to inositol phosphate/Ca 2+ signal transduction. J Biol Chem (267) 
13361-13368. 
Acher, F. C., Tellier, F. J., Azerad, R., Brabet, I. N., Fagni, L., Pin, J. P. (1997) Synthesis and 
pharmacological characterization of aminocyclopentanetricarboxylic acids: new tools 
to discriminate between metabotropic glutamate receptor subtypes. J Med Chem (40) 
3119-3129. 
Aebersold, H., Creutzfeldt, O. D., Kuhnt, U., Sanides, D. (198 1) Representation of the 
visual field in the optic tract and optic chiasm of the cat. Exp Brain Res (42) 127-145. 
Akazawa, C., Ohishi, H., Yoshiaki, N., Okamoto, N., Shigemoto, R., Nakanishi, S., 
Mizuno,, N. (1994) Expression of mRNAs of L-AN-sensitive metabotropic glutamate 
receptors (mGluR4, mGluR6, mGluR7) in the rat retina. Neurosci Lett (171) 52-54. 
Ango, F., Pin, J. P., Tu, J. C., Xiao, B., Worley, PR, Bockaert, J., Fagni, L. (2000) Dendritic 
and axonal targeting of type 5 metabotropic glutamate receptor is regulated by Homer 
I proteins and neuronal excitation. JNeurosci (20) 8710-8716. 
Aniksztejn, L., Brefestovski, P., Ben-Ari, Y. (199 1) Selective activation of quisqualate 
metabotropic receptor potentiates NMDA but not ANWA responses. Eur J 
Pharmacol (205) 327-328. 
Aniksztejn, L., Otani, S., Ben-Ari, Y. (1992) Quisqualate metabotropic receptors modulate 
NMDA currents and facilitate induction of long-term potentiation through protein 
kinaseC. EurJNeurosci(4)500-505. 
Aramori, I., Nakanishi, S. (1992) Signal transduction and pharmacological characteristics 
of a metabotropic glutamate receptor coupled to phosphoinositide turnover. J 
Neurochem (61) 85-92. 
Atweh, S. F., Kuhar, M. J. (1977) Autoradiographic localization of opiate receptors in rat 
brain. II the brain stem. Brain Res (129) 1-12. 
Azkue, J. J., Mateos, J. M., Elezgarai, L Benitez, R., Osorio, A., Diez, J., Bilbao, A., 
Bidaurrazaga, A., Grandes, P. (2000) The metabotropic glutarnate receptor subtype 
mGluR2/3 is located at extrasynaptic loci in rat spinal dorsal hom synapses. 
Neurosci Lett (287) 236-238. 
References 169 
Baba, A., Saga, H., Hashimoto, H. (1993) Inhibitory glutamate response on cyclic AMP 
formation in cultured astrocytes. Neurosci Lett (149) 182-184. 
Baskys, A., Bernstein, N. K., Barolet, A. W., Carlen, P. W. (1990) MMA and quisqualate 
reduce a Ca-dependent K+ current by a protein kinase-mediated mechanism. 
Neurosci lett (112) 76-8 1. 
Baskys, A., Malenka, R. C. (199 1) Agonists at metabotropic glutamate receptors 
presynaptically inhibit EPSCs in neonatal rat hippocampus. JPhysiol (444) 687-70 1. 
Batchelor, A. M., Knopfel, T., Gasparini, F., Garthwaite, J. (1997) Pharmacological 
characterization of synaptic transmission through mGluRs in rat cerebellar slices. 
Neuropharm (36) 401-403. 
Baude, A., Nusser, A., Roberts, J. D. B., Mulvihill, E., McIlhinney, R. A. J., Somogyi, P. 
(1993) The metabotropic glutamate receptor (mGluRI a) is concentrated as 
perisynaptic membrane of neuronal subpopulations as detected by immunogold 
reaction. Neuron (11) 771-787. 
Beaver, C. J., Ji, Q. H., Daw, N. W. (1999) Effect of the Group 11 metabotropic glutamate 
agonist, 2R, 4R-APDC varies with age, layer and visual experience in the visual 
cortex. J Neurophysiol (82) 86-93. 
Bedingfield, J. S., Jane, D. E., Kemp, M. C., Toms, N. J., Roberts, P. J. (1996) Novel potent 
selective phenylglycine antagonists of metabotropic glutamate receptors. Eurj 
Pharmacol (309) 71-78. 
Behan, M., Appell, P. P., Kime, N. (1993) Postnatal development of substance-P 
immunoreactivity in the rat superior colliculus. Visual Neuroscience (10) 1121-1127. 
Beninato. M., Spencer, R. F. (1986) A cholinergic projection to the rat superior colliculus 
demonstrated by retrograde transport of horseradish peroxidase and choline 
acetyltransferase immunohistochemistry. J Comp Neurol (253) 525-538. 
Bennet-Clarke, C. A., Mooney, R. D., Chiaia, N. L., Rhoades, R. W. (199 1) Serotonin 
immunoreactive neurons are present in the superficial layers of the hamster's but not 
the rat's superior colliculus. Exp Brain Res (85) 587-597. 
Berman, N., Cynader, M. (1972) Comparison of receptive field organization of the superior 
colliculus in Siamese and normal cats. JPhysiol London (224) 363-389. 
Bickford, M. E., Hall, W. C. (1989) Collateral projections of predorsal bundle cells of the 
superior colliculus in the rat. J Comp Neurol (283) 86-106. 
Biegon, A., Rainbow, T. C. (1983) Distribution of imipramine binding sites in the rat brain 
studied by quantitative autoradiography. Neurosci Lett (37) 209-214. 
References 170 
Beitz, A. J., Clements, J. R., Mullett, M. A., Ecklund, L. J. (1986) Differential origin of 
brainstern serotoninergic projections to the midbrain periaqueductal gray and superior 
colliculus of the rat. J Comp Neurol (250) 498-509. 
Binns, K. E. (1999) The synaptic pharmacology underlying sensory processing in the 
superior colliculus. Prog in Neurobiology (59) 129-159. 
Binns, K. E., Salt, T. E. (1995) Excitatory amino acid receptors modulate habituation of the 
response to visual stimulation in the cat superior colliculus. Vis Neurosci (12) 563- 
571. 
Binns, K. E., Salt, T. E. (1996) Cortico-fugal influences on visual responses in cat superior 
colliculus: the role of NMDA receptors. Vis Neurosci (13) 683-694. 
Binns, K. E., Salt, T. E., (1997a) Different roles for GABAAand GABABreceptors in visual 
processing in the rat superior colliculus. JPhysiol 504 629-639. 
Binns, K. E., Salt, T. E. (1997b) Post eye opening maturation of visual responses in the 
superior colliculus of normal and dark reared rats. Brain Res Dev Brain Res (756) 
76-83. 
Binns, K. E., Salt, T. E. (1998) Developmental changes in NMDA receptor-mediated visual 
activity in the rat superior colliculus, and the effect of dark rearing. Exp Brain Res 
(120) 335-344. 
Binns, K. E., Salt, T. E. (2000) The functional influence of nicotinic cholinergic receptors on 
the visual responses of neurones in the superficial superior colliculus. Visual 
Neuroscience. (In press). 
Binns, K. E., Turner, J. P., Salt, T. E. (1999) Visual experience alters the molecular profile of 
NMDA receptor mediated sensory transmission. Eur J Neurosci (11) 110 1- 1104. 
Bishop, P. O., Burke, W., Davis, R. (1962a) The identification of single units in central 
visual pathways. JPhysiol (162) 409-43 1. 
Bishop, P. O., Burke, W., Davis, R. (1962b) The interpretation of the extracellular response 
of single lateral geniculate cells. JPhysiol (162) 451-472. 
Bleakman, D., Russin, K. L., Chard, P. S., Glaum, S. R., Miller, R. J. (1992) Metabotropic 
glutarnate receptors potentiate ionotropic glutamate responses in the rat dorsal hom. 
Mol Pharmacol (42) 192-196. 
Blythe, I., Bromley, J., Kennard, C., Ruddock, K. (1986) Visual-discrimination of target 
displacement remains after damage to the striate cortex in humans. Nature (320) 
619-621. 
Blythe, I., Bron-fley, J.. Kennard, C., Ruddock, K. (1987) Residual vision in patients with 
retrogeniculate lesions of the visual pathways. Brain (110) 887-905. 
References 171 
Bolenguez, P., Abdelkefi, J., Pinard, R., Christolornme, A., Segu, L. (1993) Effects of 
retinal deafferentation on serotonin receptor types in the superficial grey layer of the 
superior colliculus of the rat. J Chem Neuroanat (6) 167-175. 
Bolenguez, P., Pinard, R., Segu, L. (1996) Subcellular localization of 5-HT IB binding sites 
in stratum griseum superficiale of the rat superior colliculus: an electron microscopic 
quantitative autoradiographic study. Synapse (24) 203-212. 
Bonci, A., Grillner, P., Siniscalchi, A., Mercuri, N. B., Bemardi, G. (1997) Glutarnate 
metabotropic receptor agonists depress excitatory and inhibitory transmission on rat 
mesencephalic principal neurons. EurJNeurosci (9) 2359-2369. 
Bond, A., Lodge, D. (1995) Pharmacology of metabotropic glutamate receptor-mediated 
enhancement of responses to excitatory and inhibitory amino acids on rat spinal 
neurones in-vivo. Neuropharm (34) 1015-1023. 
Boss, V., Nut, K. M., Conn, P. J. (1994) L-cysteine sulfinic acid as an endogenous agonist of 
a novel metabotropic receptor coupled to stimulation of phospholipase D activity. 
Mol Pharmacol (45) 1177-1182. 
Bossu, J. J., Nooney, J. M., Chavis, P., Fagni, L., Bockaert, J., Feltz, A. (1993) Facilitatory 
effect on L-type Ca channels of glutarnate Metabotropic receptors in rodent cerebellar 
granule cells. J Neurochem (6 1) S 197B. 
Bowery, N. G., Hudson, A. L., Price, G. W. (1987) GABAAand GABABreceptor site 
distribution in the rat central nervous system. Neuroscience (20) 365-383. 
Boxall, S. J., Thompson, S. W. N., Dray, A., Dickenson, A. H., Urban, L. (1996). 
Metabotropic glutamate receptor activation contributes to nociceptive reflex 
activation in the rat spinal cord in vitro. Neuroscience (74) 13-20. 
Brabet, I., Mary, S., Bockaert, J., Pin, J-P. (1995) Phenylglycine derivatives discriminate 
between mGluRl and mGluR5 mediated responses. Neuropharmacology (34) 895- 
903. 
Bradley, P. B., Dray, A. (1973) Modification of the responses of brain-stem neurones to 
transmitter substances by anaesthetic agents. British Journal ofPharmacology (48) 
212-224. 
Bradley, S. R., Lewey, A. I., Hersch, S. M., Conn, P. J. (1996) Immunocytochemical 
localization of Group III Metabotropic glutamate receptors in the hippocampus with 
subtype-specific antibodies. JNeurosci (16) 2044-2056. 
Bradley, S. R., Rees, H. D., Yi, H., Levey, A. L., Conn, P. J. (1998) Distribution and 
developmental regulation of metabotropic glutamate receptor 7a in rat brain. J 
Neurochem (71) 636-645. 
References 172 
Bradshaw, C. N., Szabadi, E. (1974) The measurement of dose in microelectrophoretic 
experiments. Neuropharmacol (13) 407-416. 
Brandstatter, J. H., Koulen, P., Kuhn, R., van der Putten, H. V., Wassle, H. (1996) 
Compartmental localization of a metabotropic glutamate receptor (mGluR7): two 
different active sites as a retinal synapse. JNeurosci (16) 4749-4756. 
Brauer, K., Schober, W. (1982) identification of geniculo-tectal relay neurons in the rat's 
ventral lateral geniculate nucleus. Exp Brain Res (45) 84-88. 
Brauer, K., Shober, W., Winkelmann, E. (1979) Two morphologically different types of 
retinal axon terminals in the rat's dorsal lateral geniculate nucleus and their 
relationships to the X and Y Channel. Exp Brain Res (36) 523-532. 
Brauner-Osborne, H., Slok, F. A., Skajaerbaek, N., Ebert, B., Sekiyama, N., Nakanishi, S., 
Krogsgaard-Larsen, P. (1996) A new higWy selective metabotropic excitatory amino 
acid agonist: 2-amino-4-(3-hydroxy-5-methylisoxazol-4-yl)butyric acid. JMed Chem 
(39) 3188-3194. 
Bredt, D. S., Hwang, P. M., Snyder, S. H. (1990) Localization of nitric oxide synthase 
indicating a neural role for nitric oxide. Nature (347) 768-770. 
Bredt, D. S., Hwang, P. M., Glatt, C. E., Lowenstein, C., Reed, R. R., Snyder, S. H. (199 1) 
Cloned and expressed nitric oxide synthase structurally resembles cytochrome P-450 
reductase. Nature (351) 714-718. 
Bruno, V., Battaglia, G., Copani, A., Giffard, R. G., Raciti, G. (1995) Activation of class 11 
or III metabotropic glutamate receptors protects cultured cortical neurons against 
excitotoxic degeneration. Eur JNeurosci (7) 19096-1913. 
Bruno, V., Battaglia, G., Kingston, A., ONeill, M-J., Catania, M. V., DiGrezia, R., 
Nicoletti, F. (1999) Neuroprotective activity of the potent and selective mGluR Ia 
metabotropic glutamate receptor antagonist, (+)-2-methyl-4-carboxyphenylglycine 
(LY367385) comparison with LY357366, a broader spectrum antagonist with equal 
affinity of mGluRI a and mGluR5 receptors. Neuropharm (38) 199-207. 
Burke, J. P., Hablitz., J. J. (1994) Presynaptic depression of synaptic transmission mediated 
by activation of metabotropic glutamate receptors in rat neocortex. JNeurosci (14) 
5120-5130. 
Bushell, T. J., Jane, D. E., Tse, H-W., Watkins, J. C., Garthwaite, J., Collingridge, G. L. 
(1997) Pharmacological antagonism of the actions of group 11 and HI mGluR agonists 
in the lateral perforant path of rat hippocampal slices. Br J Pharmacol (117) 14 5 7- 
1462. 
Caeser, M., Brown, D. A.. Gahwiler, B. H., Knopfel, T. (1993) Characterization of a 
calcium-dependent current generating a slow afterpolarization of CA3 pyramidal cells 
in rat hippocampal slice cultures. EurJNeurosci (5) 560-569. 
References 173 
Calabresi, P., Mercuri, N. B., Bernardi, G. (1992) Activation of quisqualic acid 
metabotropic receptors reduces glutarnate and GABA-mediated synaptic potentials in 
the rat striaturn. Neurosci Lett (139) 41-44. 
Calabresi, P., Pisani, A., Mercuri, N. B., Bernardi, G. (1993) Heterogeneity of metabotropic 
glutamate receptors in the striatum: electrophysiological evidence. Eur J Neurosci (5) 
1370-1377. 
Caruso, D., Owczarzak, M., Goebel, D., Pourcho, R. (1989) GABA immunoreactivity in 
ganglion cells in the rat retina. Brain Res (476) 129-134. 
Casabona, G., Knopfel, T., Kuhn, R., Gasparini, F., Baumann, P., Sortino, M. A., Copani, 
A., Nicoletti, F. (1997) Expression and coupling to polyphosphoinositide hydrolysis 
of Group I metabotropic glutamate receptors in early postnatal and adult rat brain. 
Eur J Neurosci (9) 12-17. 
Casagrande,, V. A., Harting, J. K., Hall, W. C., Diamond, I. T., Martin, G. F. (1972) Superior 
colliculus of the tree shrew: a structural and functional subdivision into superficial 
and deep layers. Science (177) 444-447. 
del Castillo, J., Katz, B. (1955) On the localisation of acetylcholine receptors. JPhysiol 
(128) 157-181. 
Catania, M. V., De Socarraz, H., Penny, J. B., Young, A. B. (1994) Metabotropic glutamate 
receptor heterogeneity in rat brain. Molecular PharmacologY (45) 626-636. 
Cavanni, P., Pinnola, V., Mugnaini, M., Trist, D., van Amsterdam, F. T. M. (1994) 
Pharmacological; analysis of carboxyphenylglycines at metabotropic glutamate 
receptors. Eur J Pharmacol Mol Pharmacol (269) 9-15. 
Ceme, R., Randic, M. (1992) Modulation of AMPA and NMDA responses in rat spinal 
dorsal hom neurons by trans- I -aminocyclopentane- 1,3-dicarboxylic acid. Neurosci 
Lett (144) 180-184. 
Charpak, S., Gahwiler, B. H., Do, K. Q., Knopfel, T. (1990) Potassium conductances in 
hippocampal neurons blocked by excitatory amino-acid transmitters. Nature (347) 
765-767. 
Chavis, P., Ango, F., Michel, J-M., Bockaert, J., Fagni, L. (1998) Modulation of big K+ 
channel activity by ryanodine receptors and L-type Ca+ channels in neurons. Eur J 
Neurosci (10) 2322-2327. 
Chavis, P., Fagni, L., Bockaert, L Lansman, J. B. (1995a) Modulation of calcium channels 
by metabotropic glutamate receptors in cerebellar granule cells. Neuropharm (34) 
929-937. 
References 174 
Chavis, P., Nooney, J. M., Bockaert, J., Fagni, L., Feltz, A. (1995b) Facilitatory coupling 
between a glutamate metabotropic receptor and dihydropyridine-sensitive calcium 
channels in cultured cerebellar granule cells. JNeurosci (15) 135-143. 
Chavis, P., Shinozaki, H., Bockaert, J., Fagni, L., Feltz, A., Bossu, J. L. (1997) The 
metabotropic glutarnate receptor types 2/3 inhibit L-type calcium channels via a 
pertussis toxin-sensitive G-protein in cultured cerebellar granule cells .J Neurosci (14) 7067-7076. 
Chen, L., Huang, L-Y. M. (1992) Protein kinase C reduces Mg2+ block of NNMA-receptor 
channels as a mechanism of modulation. Nature (356) 521-523. 
Choi, S., Lovinger, D. M. (1996) Metabotropic glutamate receptor modulation of voltage- 
gated Ca2+ channels involves multiple receptor subtypes in cortical neurons. J 
Neurosci (16) 36-45. 
Choi, S. R., Hou, C., Oya, S., Mu, M., Kung, M. P., Siciliano, M., Acton, P. D., Kung, H. F. 
(2000) Selective in-vitro and in-vivo binding of [(125 )I]ADAM to serotonin 
transporters in rat brain. Synapse (38) 403-413. 
Chu, Z., Hablitz, J. J. (1998) Activation of Group I mGluRs increases spontaneous IPSC 
frequency in rat frontal cortex. JNeurophysiol (80) 621-627. 
Ciliax, B. J., Nash, N., Heilman, C., Sunahara, R., Hartney, A., Tiberi, M., Rye, D. B., 
Caron, M. G., Miznik, H. B., Levey, A. I. (2000) Dopamine D(5) receptor 
immunolocalization in cat and monkey brain. Synapse (37) 125-145. 
Claps, A., Casagrande, V. A. (1990) The distribution and morphology of corticogeniculate 
axons in ferrets. Brain Res (530) 126-129. 
Cline, H. T., Constantine-Paton, M. (1989) NMDA receptor antagonist disrupts the 
retinotectal topographic map. Neuron (3) 413-426. 
Cline, H. T., Debski, E. A., Constantine-Paton, M. (1987) N-methyl-D-aspartate receptor 
antagonist desegregates eye specific stripes. Proc Nad Acad Sci USA (84) 4382- 
4345. 
Colquhoun, D., Jonas, P., Sakmann, B. (1992) Action of brief pulses of glutamate on 
AMPA/Kainate receptors in patches from different neurones of rat hippocampal 
slices. Journal ofPhysiology (458) 261-287. 
Colwell, C. S., Levine, M. S. (1994) Metabotropic glutamate receptors modulate N-methyl- 
D-aspartate receptor function in neostriatal neurons. Neuroscience (61) 497-507. 
Congar, P., Leinekugel, X, Ben-Ari, Y., Crepel, V. (1997) A long lasting calcium-activated 
nonselective cationic current is generated by synaptic stimulation or exogenous 
activation of Group I metabotropic glutamate receptors in CAI pyramidal neurons. J 
Neurosci (17) 5366-5379. 
References 175 
Conn, P. J., Pin, JP. (1997) Pharmacology and functions of metabotropic glutamate 
receptors. Ann Rev Pharmacol Toxicol (37) 205-237. 
Constantine-Paton, M., Cline, H. T., Debski, E. (1990) Patterned activity, synaptic 
convergence and the NMDA receptor in developing visual pathways. Annu Rev 
Neurosci (13) 129-154. 
Cools, A. R., Coolen, J. M. M., Smit, J. C., Ellenbroek, B. A. (1984) The striato-nigro- 
collicular pathway and explosive running behaviour: functional interaction between 
neostriatal and doparnine and collicular GABA. Eur J Phannacol (100) 71-77. 
Corti, C., Restituito, S., Rimland, J. M., Brabet, I., Corsi, M., Pin, J. P., Ferraguti, F. (1998) 
Cloning and characterization of alternative mRNA forms for the rat Metabotropic 
glutamate receptors mGluR7 and mGluR8. EurJNeurosci (10) 3629-3641. 
Courtney, M. J., Lambert, J. J., Nicholls, D. G. (1990) The interaction between plasma 
membrane depolarisation and glutamate receptor activation in the regulation of 
cytoplasmic free calcium in cultured cerebellar granule cells. JNeurosci (10) 3873- 
3879. 
Cowey, A., Perry, V. H. (1979) The projection of the temporal retina in rats, studied by 
retrograde transport of horseradish peroxidase. Exp Brain Res (35) 457-464. 
Cox, C. L., Sherman, S. M. (1999) Glutamate inhibits thalamic reticular neurons. J Neurosci 
(19) 6694-6699. 
Crepel, V., Aniksztejn, L., Ben-Ari, Y., Hammond, C. (1994) Glutamate metabotropic 
receptors increase a Ca2+-activated non-specific cationic current in CAI hippocampal 
neurons. JNeurophysiol (72) 1561-1569. 
Cross, B. A., Dyer, R. G. (1971) Unit Activity in rat diencephalic islands - the effects of 
anaesthetics. Journal ofPhysiology (212) 467-482. 
Curtis, D. R. (1964) Microelectrophoresis, In Physical Techniques in Biological Research, 
vol 5A. Nastuk, W. L. (eds) Academic Press, New York pp144-190. 
Curtis, D. R., Eccles, R-M. (1958) The excitation of Renshaw cells by pharmacological 
agents applied electrophoretically. JPhysiol (141) 435-445. 
DaMico, M., DiFilippo, C., Rossi, F., Warner, T. (1988) Role of AT(2) receptors in the 
cardiovascular events following microinjection of angiotensin 11 
into the superior 
colliculus of anaesthetized rats. Naunyn Schmiedeberg's Arch 
Pharmac (357) 12 1- 
125. 
DaMico, M., Rossi, F. Warner, T. (1997) Regulation of blood pressure by L-arginine nitric 
oxide pathway within the superior colliculus of rats. EurJPharmacol(328)65-67. 
References 176 
Davies, C. H., Clarke, V. R. J., Jane, D. E., Collingridge, G. L. (1995) Pharmacology of 
postsynaptic metabotropic glutarnate receptors in rat hippocampal CAI pyramidal 
neurons. Br J Pharmacol (116) 1859-1869. 
Dean, P., Redgrave, P., Lewis, G. (1982) Locomotor activity of rats in open field after 
microinjection of procaine into superior colliculus, or underlying reticular formation. 
Behav Brain Res (5) 175-187. 
Dean, P., Redgrave, P., Mitchell, I. J. (1988) Organisation of efferent projections from 
superior colliculus to brainstern in rat: evidence for functional output channels. Prog 
in Brain Res (75) 27-36. 
Dean, P., Redgrave, P., Molton, L. (1984) Visual desynchronization of cortical EEG 
impaired by lesions of superior colliculus in rats. JNeurophysiol (52) 625-637. 
Dean, P., Redgrave, P., Sahibzada, N., Tsuji, K. (1986) Head and body movements 
produced by electrical stimulation of superior colliculus in rats: effects of 
interruption of crossed tectoreticular spinal pathway. Neuroscience (19) 367-380. 
Dean. P., Redgrave, P., Westby, G. W. M. (1989) Event or emergency? two response 
systems in the mammalian superior colliculus. Trends Neurosci (12) 137-147. 
Dean, P., Redgrave, P. (1992) Behavioural. consequences of manipulating GABA 
neurotransmission in the superior colliculus. Prog in Brain Res (90) 263-28 1). 
Desai, M. A., Conn, P. J. (199 1) Excitatory effects of ACPD receptor activation in the 
hippocampus are mediated by direct effects on pyramidal cells and blockade of 
synaptic inhibition. J Neurophysiol (66) 40-52. 
Desai, M. A., McBain, C., Kauer, J. A., Conn, P. J. (1994) Metabotropic glutamate receptor 
induced disinhibition is mediated by reduced disinhibition at excitatory synapses onto 
interneurones and inhibitory synapses onto pyramidal cells. Neurosci Lett (181) 78- 
82. 
Desai, M. A., Smith, T. S., Conn, P. J. (1992) Multiple Metabotropic glutamate receptors 
regulate hippocampal function. Synapse (12) 206-213. 
De Souza, E. B., Kuyatt, B. L. (1987) Autoradiographic localization of 3H-paroxetine- 
labeled serotonin uptake sites in rat brain. Synapse (1) 488-496. 
Diamond, I. T., Hall, W. C. (1969) Evolution of neocortex. Science (164) 251-262. 
DiChiara, G., Morelli, M. (1982) A re-evaluation of the role of superior colliculus in 
turning behaviour. Brain Res (237) 61-77. 
Dietrich, D., Beck, H., Kral, T., Clusmann, H., Elger, C. E., Schramm, J. (1997) 
Metabotropic glutamate receptors modulate synaptic transmission in the perforant 
path: pharmacology and localization of two distinct receptors. Brain Res (767) 220- 
227. 
References 177 
Doherty, A. J., Palmer, M. J., Henley, J. M., Collingridge, G. L., Jane, D. E. (1997) (RS)-2- 
Chloro-5-hydroxyphenylglycine (CHPG) activates mGlu5, but not mGlu I, receptors 
expressed in CHO cells and potentiates NMDA responses in the hippocampus. 
Neuropharm (36) 265-267. 
Donnelly, U., Thompson, S. M., Robertson, R. T. (1983) Organization of projections from 
the superior colliculus to the thalamic lateral posterior nucleus in the rat. Brain Res 
(288) 315-319. 
Dori, I. E., Dinopoulos, A., Cavanagh, M. E., Pamavelas, J. G. (1992) Proportion of 
glutarnate and aspartate-immunoreactive neurons in the efferent pathways of the rat 
visual cortex varies according to the target. J Comp Neurol (319) 191-204. 
Dori, I. E., Dinopoulos, A., Parnavelas, J. G. (1998) The development of the synaptic 
organization of the serotonergic system differs in brain areas with different functions. 
Exp Neurol (154) 113-125. 
Dreher, B., Hoffmann, K. P. (1973) Properties of excitatory and inhibitory regions in the 
receptive fields of single units in the cat's superior colliculus. Exp Brain Res (16) 
333-353. 
Dreher, B., Sefton, A. J., Ni, S. Y. K., Nisbett, G. (1985) The morphology, number, 
distribution and central projections of Class I retinal ganglion cells in albino and 
hooded rats. Brain Behav Evol (26) 10-48. 
Dube, G. R., Marshall, K. C. (2000) Activity-dependent activation of presynaptic 
metabotropic glutarnate receptors in locus coeruleus. JNeurophysiol (83) 1141-1149. 
Dumuis, A., Pin, J-P., Oomagari, K., Sedden, M., Cockaert, J. (1990) Arachidonic acid 
released from striatal neurones by joint stimulation of ionotropic and metabotropic 
quisqualate receptors. Nature (347) 182-184. 
Dumuis, A., Sebden, M., Haynes, L., Pin, J-P., Cockaert, J. (1988) NMDA receptors 
activate the arachidonic acid cascade system in striatal neurons. Nature (336) 68-70. 
Dutar, P., Petrozzino, J. J., Vu, H. M., Schmidt, M. F., Perkel, D. J. (2000) Slow synaptic 
inhibition mediated by metabotropic glutarnate receptor activation of GERK channels. 
JNeurophysiol (84) 2284-2290. 
Eaton, S. A., Jane, D. E., St. J. Jones, P. L., Porter, R. H. P., Pook, P, C-K., Sunter, D. C., 
Udvarhelyi, P. M., Roberts, P. J., Salt, T. E., Watkins, J. C. (1993) Competitive 
antagonism at metabotropic glutamate receptors by (S)-4-carbosy-phenylglycine and 
(RS)-ot-methyl-4-carboxyphenylglycine. EurJPhannacolMolPharmacol Sect (244) 
195-214. 
Edmonds, B., Gibb, A. J., Colquhoun, D. (1995) Mechanisms of activation of glutamate 
receptors and the time course of excitatory synaptic currents. Annual Review of 
Physiology (57) 495-519. 
References 178 
Egebjerg, J. (1996) Molecular structure of ligand-gated ion channels. In Foreman. J. C., 
Johansen, T. (eds), Textbook of receptor phartnacology, CRC Press, Florida, pp85- 100. 
Emile, L., Merclen, L., Apiou, F., Pradier, L., Bock, M. D., Merager, J., Clot, J., Doble, A., 
Blanchard, J. C. (1996) Molecular cloning, functional expression, pharmacological 
characterization and chromosomal localization of the human metabotropic glutamate 
receptor type 3. Neuropharm (35) 523-530. 
Ernri, Z., Turner, J. P., Crunelli, V. (1996) Tonic activation of presynaptic GABA(B) 
receptors on thalarnic sensory afferents. Neurosci (72) 689-698. 
Ernst, A. F., Jurney, W. M., McLoon, S. C. (1998) Mechanisms involved in development of 
retinotectal connections: roles of Eph receptor tyrosine kinases, NMDA receptors and 
nitric oxide. Prog in Brain Res (118) 115-13 1. 
Evans, D. I., Jones, R. S., Woodhall, G. (2000) Activation of presynaptic group III 
metabotropic receptors enhances glutamate release in rat entorhinal cortex. J 
Neurophysiol (83) 2519-2525. 
Evans, R. H., Francis, A. A., Jones, A. W., Smith, D. A. S., Watkins, J. C. (1982) The effects 
of a series of phosphonic carboxylic amino acids on electrically evoked and amino 
acid-induced responses in isolated spinal cord preparations. Br J Pharmacol (75) 65- 
75. 
Evans, R. H., Smith, D. A. (1982) Effect of urethane on synaptic and amino acid induced 
excitation in isolated spinal cord preparations. Neuropharmacology (21) 857-860. 
Fagni, L., Bossu, J-L., Bockaert, J. (1991) Activation of a large-conductance Ca2+- 
dependent K+ channel by stimulation of glutamate phosphoinositide-coupled 
receptors in cultured cerebellar granule cells. Eur J Neurosci (3) 778-789. 
Fastbom, J., Pazos, A., Palacios, J. M. (1987) The distribution of adenosine A, receptors 
and 5'-nucleotidase in the brain of some commonly used experimental animals. 
Neuroscience (22) 813-826. 
Fisher, K., Coderre, T. J. (1996) The contribution of metabotropic glutamate receptors 
(mGluRs) to formal in-induced nociception. Pain (68) 255-263. 
Fitzjohn, S. M., Bortolotto, Z. A., Palmer, M. J., Doherty, A. J., Omstein, P. L.. Schoepp, 
D. D., Kingston, A. E. Lodge, D., Collingridge, G. L. (1999) The potent mGlu receptor 
antagonist LY341495 identifies roles for both cloned and novel mGlu receptors in 
hippocampal synaptic plasticity. Neuropharm (37) 1445-1458. 
Fitzjohn, S. M., Irving, A. J., Palmer, M. J., Harvey, J., Lodge, D. (1996) activation of group 
I mGluRs potentiates NMDA responses in rat hippocampal slices. Neurosci Lett 
(203) 211-213. 
References 179 
Fitzsimons, R. M., Dichter, M. A. (1996) Heterologous, modulation of inhibitory synaptic 
transmission by metabotropic glutamate receptors in cultured hippocampal neurons. J 
Neurophysiology (75) 885-893. 
Forrester, J. M., Lal, S. K. (1966) The projection of the rat's visual field upon the superior 
colliculus. Proc Phys Soc 25P. 
Forsythe, I. D., Clements, J. D. (1990) Presynaptic glutamate receptors depress excitatory 
monosynaptic transmission between mouse hippocampal neurones. JPhysiol (429) 
1-16. 
Fosse, V. M., Fonnum, F. (1986) Effects of kainic acid and other excitotoxins in the rat 
superior colliculus: relations to glutarnatergic afferents. Brain Res (383) 27-37. 
Fosse, V. M., Opstad, P. K. (1986) Biochemical plasticity in the superior colliculus of adult 
rats after chronic visual cortex ablation. Brain Res (372) 189-192. 
Foster, G. A., Sizer, A. R., Rees, H., Roberts, M. H. (1989) Afferent projections to the rostral 
anterior pretectal nucleus of the rat: a possible role in the processing of noxious 
stimuli. Neuroscience (29) 685-694. 
Fotuhi, M., Sharp, H., Glat, C. E., Hwang, P. M., von Krosigh, M., Snyder, S. H., Dawson, 
T. M. (1993) Differential localization of phosphoino sitide-I inked metabotropic 
glutarnate receptor (mGluRl) and the inositol 1,4,5-triphosphate receptor in rat brain. 
JNeurosci (13) 2001-2012. 
Francesconi, A., Duvoisin, KM. (1988) Role of the second and third intracellular loops of 
metabotropic glutamate receptors in mediating dual signal transduction activation. 
Journal ofBiological Chemistry (273) 5615-5624. 
Fukuda, Y. (1977) A three-group classification of rat retinal ganglion cells: histological and 
physiological studies. Brain Res (119) 327-244. 
Fukuda, Y., Iwarna, K., (1978) Visual receptive field properties of single cells in the rat 
superior colliculus. Jap JPhysiol (28) 385-400. 
Fukuda, Y., Suzuki, D. A., Iwarna, K. (1978) A four group classification of the rat superior 
collicular cells responding to optic nerve stimulation. Jap JPhysiol (28) 367-384. 
Gabellini, N., Manev, R. M., Candeo, P., Favaron, M., Maney, H. (1993) Carboxyl domain 
of glutamate receptor directs its coupling to metabolic pathways. NeuroReport (4) 
531-534. 
Garcia Del Cano, G., Gerrikagoitia., I., Martinez-Millan, L. (2000) Morphology and 
topographical organization of the retrospleniocollicular connection: a pathway to 
relay contextual information from the environment to the superior colliculus. J Conip 
Neurol (425) 393-408. 
References 180 
Gasparini, F., Bruno, V., Battaglia, G., Lukic, S., Leonhardt, T., Inderbitzin, W.. Laurie. D.. 
Sommer, D., Varney, M. A., Hess, S. D., Johnson, E. C., Kuhn, R., Urwyler, S.. Sauer, 
D., Porter, C., Schultz, M., Nicoletti, F., Flor, P. J. (1999) (FS)-4- 
phosphonophenylglycine, a potent and selective Group III metabotropic glutamate 
receptor agonist, is anticonvulsive and neuroprotective in vivo. JPharmacol Exp 
Therapeutics. (290) 1678-1687. 
Gasparini, F., Lingenhohl, K., Stoehr, N., Flor, P. J., Heinrich, M., Vranesic, I., Biollaz, M., 
Allgeier, H., Heckendom, R., Urwyler, S., Varney, M. A., Johnson, E. C., Hess, S. D., 
Rao, S. P., Sacaan, A. I., Santori, E. M., Velicelebi, G., Kuhn, R. (1999) 2-methyl-6- 
(phenylethynyl)-pyridine (MPEP) a potent, selective and systematically active mGlu5 
receptor antagonist. Neuropharm (38) 1493-1503. 
Gehlert, D. R., Gackenheimer, S. L., Schober, D. A. (199 1) Autoradiographic localization of 
subtypes of angiotensin 11 antagonist binding in the rat brain. Neuroscience (44) 50 1- 
514. 
Gerard, C., Martres, M. P., Lefevre, K., Miquel, M. C., Verge, D., Lanfurney, L., Doucet, E., 
Hamon, M., el Mestikawy, S. (1997) Immuno-localization of serotonin 5-HT6 
receptor-like material in the rat central nervous system. Brain Res (746) 207-219. 
Gerber, U., Sim, J. A., Gahwiler, B. H. (1992) Reduction of potassium conductances 
mediated by metabotropic glutamate receptors in rat CA3 pyramidal cells does not 
require protein kinase C or protein kinase A. EurJNeurosci (4) 792-797. 
Gereau, R. W. IV, Conn, P. J. (1995a) Roles of specific metabotropic glutamate receptor 
subtypes in regulation of hippocampal CAI pyramidal cell excitability. J 
Neurophysiol (74) 122-129. 
Gereau, R. W. IV, Conn, P. J. (1995b) Multiple presynaptic metabotropic glutamate 
receptors modulate excitatory and inhibitory synaptic transmission in hippocampal 
area CAI. JNeurosci(15)6879-6889. 
Gereau, R. W. IV, Heinemann, S. F. (1998) Role of protein kinase C phosphorylation in 
rapid desensitisation of metabotropic glutamate receptor 5. Neuron (20) 143-15 1. 
Ghose, S., Wroblewska, B., Corsi, L., Crayson, D., DeBlas, A., Vicini, S., Neale, J. (1997) 
N-acetylaspartylglutarnate stimulates Metabotropic glutamate receptor 3 to regulate 
expression of the GABA(a) alpha 6 subunit in cerebellar granule cells. J Neurochem 
(69) 2326-2335. 
Gilman, A. G. (1989) G proteins and regulation of adenylyl cyclase JAAIM (262) 1819-1825. 
Glaum, S. R., Miller, R. J. (1992) Metabotropic glutarnate receptors mediate excitatory 
transmission in the nucleus of the solitary tract. JNeurosci (12) 2251-2258. 
References 181 
Glaurn, S. R., Miller, KJ. (1993) Activation of Metabotropic glutarnate receptors produces 
reciprocal regulation of ionotropic glutarnate and GABA responses in the nucleus of 
the tractus solitarius of the rat. JNeurosci (13) 1636-1658. 
Glaurn, S. R., Slater, N. T., Rossi, D. J., Miller, R. J. (1992) Role of metabotropic -glutamate 
(ACPD) receptors at the parallel fiber-purkinje cell synapse. JNeurophysiol (68) 
1453-1462. 
Godwin, D. W., Van Horn, S. C., Erisir, A., Sesma, M., Romano, C., Sherman, S. M. (I 996a) 
Ultrastructural localisation suggests that retinal and cortical inputs access different 
metabotropic glutamate receptors in the lateral geniculate nucleus. J Neurosci (16) 
8181-8192. 
Godwin, D. W., Vaughan, J. W., Sherman, S. M. (1996b) Metabotropic glutamate receptors 
switch visual response mode of lateral geniculate nucleus cells from burst to tonic. J 
Neurophysiol (76) 1800-1816. 
Gomeza, J., Joly, C., Kuhn, R., Knopfel, T., Bockaert, J. (1996) The second intra-cellular 
loop of metabotropic glutamate receptor I co-operates with the other intracellular 
domains to control coupling to G-proteins. JBiol Chem (271) 2199-2205. 
Gomeza, J., Mary, S., Brabet, I., Parmentier, M-L., Restituto, S. (1996) coupling of 
metabotropic glutamate receptors 2 and 4 to G(x 15, G(x 16 and chimeric G(xq/1 
proteins: characterization of new antagonists. Mol Pharmacol (50) 923-830. 
Gonzalez, F., Perez, R., Alonso, J. M., Labandiera-Garcia, U., Acuna, C. (1992) Responses 
of visual single cells in the superior colliculus of the albino rat to bright bars. Arch 
Ital Biol (130) 249-26 1. 
Gonzalez-Hemandez, T., Conde-Sendin, M., Meyer, G. (1992) Laminar distribution and 
morphology of NADPH-diaphorase containing neurons in the superior colliculus and 
underlying periaqueductal. gray of the rat. Anat Embryol (186) 245-250. 
Goodale, M. A., Foreman, N. P., Milner, A. D. (1978) Visual orientation in the rat. A 
dissociation of deficits following cortical and collicular lesions. Exp Brain Res (31) 
445-457. 
Goodale, M. A., Murison, R. C. C. (1975) The effects of lesions of the superior colliculus on 
locomotor orientations and the orienting reflex in the rat. Brain Res (88) 243-26 1. 
Grandes, P., Mateos, J. M., Ruegg, D., Kuhn, R., Knopfel, T. (1994) Differential cellular 
localization of three splice variants of the mGluRI metabotropic glutamate receptor in 
rat cerebellum. Neuroreport (5) 2249-2252. 
Grantyn, R., Perouansky, M., Lux, H. D., Hablitz, J. J. (1987) Glutamate-induced ionic 
currents in cultured neurons from the rat superior colliculus. Brain 
Res (420) 182- 
187. 
References 182 
Guerineau, N. C., Bossu, J-L., Gahwiler, B. H., Gerber, U. (1997) G-protein-mediated 
desensitisation of metabotropic glutarnatergic and muscarinic responses in CA3 cells in rat hippocampus. JPhysiol (500) 487-496. 
Guerineau, N. C., Gahwiler, B. H., Gerber, U. (1994) Reduction of resting K+ current by 
metabotropic glutarnate and muscarinic receptors in rat CA3 cells: mediation by G- 
proteins. JPhysiol (474) 27-33. 
Halliwell, J. V., Adams, P. R. (1982) Voltage-clamp analysis of muscarinic excitation in 
hippocampal neurons. Brain Res (250) 71-92. 
Hallman, L. C., Schofield, B. R., Lin, C. S. (1988) Dendritic morphology and axon 
collaterals of corticotectal, corticopontine and callosal neurones in layer V or primary 
visual cortex of the hooded rat. J Comp Neurol (272) 149-16. 
Harris, E. W., Cotman, C-W. (1983) Effects of acidic amino acid antagonists on paired- 
pulse potentiation at the lateral perforant path. Exp Brain Res (52) 455-460. 
Harting, J. K., Hall, W. C., Diamond, I. T., Marting, G. F. (1973) Anterograde degeneration 
study of the superior colliculus in Tupaia glis: evidence for a subdivision between 
superficial and deep layers. J Comp Neurol (148) 361-386. 
Harting, J. K., Huerta, MR, Hashikawa, T., Van Lieshout, D. P. (199 1) Projection of the 
mammalian superior colliculus upon the dorsal lateral geniculate nucleus - 
organisation of tecto-geniculate pathways in 19 species. J Comp Neurol (304) 275 - 
306. 
Hartveit, E., Brandstatter, J. H., Enz, R., Wassle, H. (1995) Expression of the mRNA of 
seven metabotropic glutarnate receptors (mGluRI to 7) in the rat retina. An in-situ 
hybridization study on tissue sections and isolated cells. Eur J Neurosci (7) 1472- 
1483. 
Harvey, A. R., Worthington, A. R. (1990) The projection from different visual cortical areas 
to the rat superior colliculus. J Comp Neurol (298) 281-292. 
Harvey, J., Collingridge, G. L. (1993) Signal transduction pathways involved in the acute 
potentiation of NMDA responses by I S, 3R-ACPD in rat hippocampal slices. Br J 
Pharmacol (109) 1085-1090. 
Hayashi, Y., Sekiyama, N., Nakanishi, S., Jane, D. E., Sunter, D. C., Birse, E. F., Udvarheiyi, 
Watkins, J. C. (1994) Analysis of agonist and antagonist activities of phenylglycine 
derivatives for different cloned metabotropic glutamate receptor subtypes. J Neurosci 
(15) 3370-3377. 
Hayashi, Y., Tanabe, Y., Aramori, L Masu, M., Shigemoto, K. (1992) Agonist analysis of 
2-(carboxycyclopropyl) glycine isomers for cloned metabotropic glutamate receptor 
subtypes expressed in chinese hamster ovary cells. BrJPharmucol (107) 539-543. 
References 18' 3 
Henderson, Z., Finlay, B. L., Wikkler, K. C. (1988) Development of ganglion cell 
topography in ferret retina. JNeurosci (8) 1194-1205. 
Herrero, I., Miras-Portugal, T., Sanchez-Prieto, J. (1992) Positive feedback of glutamate 
exocytosis by metabotropic presynaptic receptor stimulation. Nature (360) 163-166. 
Herrero, I., Miras-Portugal, T., Sanchez-Prieto, J. (1998) Functional switch from 
facilitation to inhibition in the control of glutamate release by metabotropic glutamate 
receptors. JBiol Chem (273) 1951-1958. 
Herrero, I., Vasquez, E., Miras-Portugal, M. T., Sanchez-Prieto, J. (1996) A decrease in 
[Ca2jc but not in cAMP mediates L-AP4 inhibition of glutamate release: PKC- 
mediated suppression of this inhibitory pathway. EurJNeurosci (8) 700-709. 
Hestrin, S. (1992) Developmental regulation of NMDA receptor mediated synaptic currents 
at a central synapse. Nature (357) 686-689. 
Hewes, C. R., Frederickson, R. C. A. (1974) Responses of cortical neurones in rat to 
microelectrophoretically applied hydrogen ion. Neuropharmacol (13) 1077-108 1. 
Heywood, C. A., Cowey, A. (1987) Effects on visual search of lesions of the superior 
colliculus in infant or adult rats. Exp Brain Res (24) 523-529. 
Hickey, T. L., Guillery, R. W. (1974) An autoradiographic study of retinogeniculate 
pathways in the cat and fox. J Comp Neurol (156) 239-254. 
Hilbig, H., Bidmon, H. J., Ettrich, P., Muller, A. (2000) Projection neurons in the superficial 
layers of the superior colliculus in the rat: a topographic and quantitative 
morphometric analysis. Neurosci (96) 109-119. 
FElbig, H., Merbach, M., Krause, J., Gartner, U., Stubbe, A. (2000) Dendritic organization 
of neurons of the superior colliculus in animals with different visual capability. Brain 
Res Bull (51) 255-265. 
Hilbig, H., Schierwagen, A. (1994) Interlayer neurones in the rat superior colliculus: a 
tracer study using Dil/Di-ASP. NeuroReport (5) 477-480. 
fErai, H., Okada, Y. (1993) Ipsilateral corticotectal pathway inhibits the formation of long- 
term potentiation (LTP) in the rat superior colliculus through GABAergic 
mechanism. Brain Res (629) 23-30. 
Hirai, H., Okada, Y. (1994) Adenosine facilitates glutamate release in a protein kinase 
dependent manner in the superior colliculus slices. EurJPharmacol (256) 
65-71. 
Hirai, H., Okada, Y. (1995) Adenosine facilitates in-vivo neurotransmission in the superior 
colliculus of the rat. JNeurophysiol (74) 950-960. 
References 184 
Hoffmann K. P., Straschill, A (1971) Influences of cortico-tectal and intertectal 
connections on visual responses in the cat's superior colliculus. Exp Brain Res (12) 
120-31. 
Holler, T., Cappel, E., Klein, J., Loffelholz, K. (1993) Glutamate activates phospholipase D 
in hippocampal slices of newborn and adult rats. JNeurochem (61) 1569-1572. 
Holmes, K. H., Keele, N. B., Aranov, V. L., Shinnick-Gallagher, P. (1996) Metabotropic 
glutamate receptor agonist-induced hyperpolarizations in rat basolateral amygdala 
neurons: receptor characterization and ion channels. JNeurophysiol (76) 3059-3069. 
Holmes, 0., Houchin, J. (1966) Units in the cerebral cortex of the anaesthetised rat and the 
correlations between their discharges. Journal ofPhysiology ( 187) 651-67 1. 
Horn, G., Hill, R. M. (1966) Effect of removing the neocortex on the response to repeated 
sensory stimulation of neurones in the mid-brain. Nature (211) 754-755. 
Houarned, K. M., Kuijper, J. L., Gilbert, T. L., Haldeman, B. A., O'Haram P. J. (199 1) 
Cloning, expression and gene structure of aG protein-coupled glutamate receptor 
from rat brain. Science (252) 1318-132 1. 
Hubener, M., Bolz, J. (1988) Morphology of identified projection neurons in layer 5 of rat 
visual cortex. Neurosci Lett (94) 76-8 1. 
Huettner, JR, Baughman, R. W. (1988) The pharmacology of synapses formed by 
identified corticocollicular neurons in primary cultures of rat visual cortex. J 
Neurosci (8) 160-175. 
Humphrey, N. K. (1968) Responses to visual stimuli of units in the superior colliculus of 
rats and monkeys. Exp Neurol (20) 312-340. 
Hunt, M. E., Walmsley, J. K. (1993) Angiotensin U receptor subtypes in the central nervous 
system. Methods Neurosci (12) 211-222. 
Hunt, S., Schmidt, J. (1978) Some observations on the binding patterns of OC-bungarotoxin 
in the central nervous system of the rat. Brain Res (157) 213-232. 
Ikeda, S. R., Lovinger, D. M., McCool, B. A., Lewis, D. L. (1995) Heterologous expression 
of metabotropic glutamate receptors in adult rat sympathetic neurons: subtype- 
specific coupling to ion channels. Neuron (14) 1029-1038. 
Ishikawa, S., Saijoh, K., Okada, Y. (1997) Endogenous adenosine facilitates 
neurotransmission via A2Aadenosine receptors in the rat superior colliculus in vivo. 
Brain Res (757) 268-275. 
Iversen, L., Mulvhill, E., Haldeman, B., Dierner, N. H., Kaiser, F. (1994) Changes in 
metabotropic glutamate receptor mRNA levels following global 
ischemia: increase of 
a putative presynaptic subtype (mGluR4) in highly vulnerable rat 
brain areas. J 
Neurochem (63) 625-633. 
References 185 
Jacobs, G. H., Neitz, J., Deegan, J. F. (199 1) Retinal receptors in rodents maximall. v 
sensitive to ultraviolet light. Nature (353) 655-656. 
Jeffery, G., Sharp, C., Malitschek, B., Salt, T. E., Kuhn, R., Knopfel, T. (1996) Cellular 
localisation of metabotropic glutamate receptors in the mammalian optic nerve: a 
mechanism for axon-glia communication. Brain Res (741) 75-8 1. 
Jeffery, G., Thompson, I. D., (1986) The effects of prenatal and neonatal monocular 
enucleation on visual topography in the uncrossed retinal pathway to the rat superior 
colliculus. Exp Brain Res (63) 351-363. 
Jeon, C. J., Hartman, M. K., Mize, R. R. (1997) Glutamate-like immunoreactivity in the cat 
superior colliculus and visual cortex: further evidence that glutamate is the 
neurotransmitter of the corticocollicular pathway. Vis Neurosci (14) 27-37. 
Joels, M., Yool, A. J., Gruol, D. L. (1989) Unique properties of non-N-methyl-D-aspartate 
excitatory responses in cultured purkinje neurons. Proc Natl Acad Sci (86) 3404- 
3408. 
Johansen, P. A., Robinson, M. B. (1995) Identification of 2-amino-2-methyl-4- 
phosphonobutanoic acid as an antagonist at the mGlu4a receptor. Eur J Pharmacol 
Mol Pharmacol (290) RI -R3. 
Johnson, B. G., Wright, R. A., Arnold, M. B., Wheeler, W. J., Ornstein, P. L., Schoepp, D. D. 
(1999) [3H]-LY341495 as a novel antagonist radioligand for group 11 metabotropic 
glutamate (mGlu) receptors: characterization of binding to membranes of mGluR 
receptor subtype expressing cells. Neuropharm (38) 1519-1529. 
Joly, C., Gomeza, J., Brabet, I., Curry, K., Bockaert. J. (1995) Molecular, functional and 
pharmacological characterization of the metabotropic glutamate receptor type 5 splice 
variants: comparison with mGluRl. JNeurosci (15) 3970-398 1. 
Kachaturian, H., Lewis, M. E., Watson, S. J. (1983) Enkephalin systems in diencephalons 
and brainstern of the rat. J Comp Neurol (220) 310-320. 
Kamishita, T., Haruta, H., Torii, N., Tsurnoto, T., Hicks, T. P. (1995) Metabotropic 
glutarnate receptors and visual cortical synaptic plasticity. Canadian Journal of 
Physiology and Phannacology (73) 1312-1322. 
Kawabata, S., Rsutsumi, R., Kohara, A., Yamaguchi, T., Nakanishi, S., Okada, M. (1996) 
Control of calcium oscillations by phosphorylation of metabotropic glutamate 
receptors. Nature (383) 89-92. 
Kayarna, Y., Fukuda, Y., Iwarna. K. (1980) GABA sensitivity of neurons of the visual layer 
in the rat superior colliculus. Brain Res (192) 121-13 1. 
References 186 
Keay, K. A., Redgrave, P., Dean, P. (1986) Changes in blood pressure and respiration 
elicited by electrical and chemical stimulation of the superior colliculus in rats. Neurosci Lett Supp (26) S238. 
Kelso, S. R., Nelson, T. E., Leonard, J. P. (1992) Protein kinase C-mediated enhancement of NMDA currents by metabotropic glutamate receptors in xenopus oocytes. JPhY'siol (449) 705-718. 
Kemp, M. C., Roberts, P. J., Pook, P. C. -K., Jane, D. E., Jones, A. W. Jones, P. L. S. J., Sunter, 
D. C., Udvarheiyi, P. M., Watkins, J. C. (1994) Antagonism of presynaptically 
mediated depressant responses and cyclic AMP-coupled metabotropic glutamate 
receptors. Eur JPharmacol (32) 187- 
Kilpatrick, I. C., Collingridge, G. L., Staff, M. S. (1982) Evidence for the participation of 
gamma-aminobutyrate containing neurons in striatal and nigral-derived circling in the 
rat. Neuroscience (7) 207-222. 
Kim, M. A., Jeon, C. J. (1999) Metabotropic glutamate receptor mGluR2/3 
immunoreactivity in the mouse superior colliculus: co-localization with calbindin 
D28K. NeuroReport (10) 1341-1346. 
Kingston, A. E., Burnett, J. P., Mayne, N. G., Lodge, D. (1995) Pharmacological analysis of 
4-carboxyphenylglycine derivatives: comparison of effects on mGluR I cc and 
mGluR5a subtypes. Neuropharm (34) 887-894. 
Kingston, A. E., Ornstein, P. L., Wright, R. A., Johnson, B. G., Mayne, N. G., Bumett, J. P., 
Belagaje, R., Wu, S., Schoepp, D. D. (1998) LY341495 is a nanomolar potent and 
selective antagonist of group H metabotropic glutarnate receptors. Neuropharm (37) 
1-12. 
Kinzie, J. M., Saugstad, J. A., Westbrook, G. L., Segerson, T. P. (1995) Distribution of 
metabotropic glutarnate receptor 7 messenger RNA in the developing and adult rat 
brain. Neuroscience (69) 167-176. 
Klein, J., Reymann, K. G., Riedel, G. (1977) Activation of phospholipases C and D by the 
novel metabotropic glutamate receptor agonist tADA. Neuropharm (36) 261-263. 
Kleuss, C., Hescheler, J., Ewel, C., Rosenthal, W., Schultz, G., Wittig, B. (199 1) 
Assignment of G-protein subtypes to specific receptors inducing inhibition of calcium 
currents. Nature (353) 43-48. 
Koerner, J. F., Cotman, C. W. (198 1) Micromolar L-2-anuno-4-phosphonobutyric acid 
selectively inhibits perforant path synapses from lateral entorhinal cortex. Brain Res 
(216) 192-198. 
Kondo, M., Surnino, R., Okado, H. (2000) Expression of AMPA receptors in rat superior 
colliculus and effect of orbital enucleation. Brain Res (883) 238-242. 
References 187 
Koulen, P., Maltischek, B., Kuhn, R., Wassle, H., Brandstatter, J. H. (1996) Group 11 and Group III Metabotropic glutamate receptors in the rat retina: distributions and developmental expression patterns. Eur JNeurosci (8) 2177-2187. 
Krauthamer, G. M., Krol, J. G., Grunwerg, B. S. (1992) Effect of superior colliculus lesions 
on sensory unit responses in the intra-laminar thalamus of the rat. Brain Res (576) 
277-286. 
Kristensen, P., Suzdak, P. D., Thomsen, C. (1993) Expression pattern and pharmacology of 
the rat type IV metabotropic glutamate receptor. Neurosci Lett (155) 159-162. 
Kmjevic, K., Phillis, J-W. (1963) lontophoretic studies of neurones in the mammalian 
cerebral cortex. JPhysiol (165) 274-304. 
Kunishima, N., Shimada, Y., Tsuji, Y., Sato, T., Yamamoto, N., Kumasaka, T., Nakanishi, 
S., Jingarni, H., Morikawa, K. (2000) Structural basis of glutamate recognition by a 
dimeric metabotropic glutamate receptor. Nature (407) 971-977. 
Labriola, A. R., Laemle, L. K. (1977) Cellular morphology in the visual layers of the 
developing rat superior colliculus. Exp Neurol (55) 247-268. 
Laemle, L. K., Feldman, S. C. (1985) Somatostatin (SRIF)-like immunoreactivity in 
subcortical and cortical visual centres of the rat. J Comp Neurol (233) 452-462. 
Lam, A. G., Monn, J. A., Schoepp, D. D., Lodge, D., McCulloch, J. (1999) Group 11 selective 
metabotropic glutamate receptor agonists and local cerebral glucose use in the rat. J 
Cereb Blood Flow Metab (19) 1083 -109 1. 
Lam, K., Sefton, A. J., Bennet, M. R. (1982) Loss of axons from the optic nerve of the rat 
during early postnatal development. Dev Brain Res (3) 487-49 1. 
Lancaster, B., Adams, P. R. (1986) Calcium-dependent current generating the after 
hyperpolarization of hippocampal neurons. JNeurophysiol (55) 1268-1282. 
Langer, T. P., Lund, R. D. (1974) The upper layers of the superior colliculus of the rat: A 
Golgi study. J Comp Neurol (53) 419-478. 
Larkman, A., Mason, A. (1990) Correlations between morphology and electrophysiology of 
pyramidal neurons in slices of rat visual cortex. I Establishment of cell classes. J 
Neurosci (10) 1407-1414. 
Laurie, D. J., Danzeisen, M., Boddeke, H. W. G. M., Sommer, B. (1995) Ligand binding 
profile of the rat Metabotropic glutamate receptor mGluR3 expressed in a transfected 
cell line. Naunyn Schmiedeberg's Arch Pharmacol (351) 565-568. 
Lee, K., Boden, P. R. (1997) Characterization of the inward current induced by 
metabotropic glutamate receptor stimulation in rat ventromedial hypothalamic 
neurones. J Physiol (504) 649-663. 
References 188 
Lester,, R. A., Jahr, C. E. (1990) Quisqualate receptor-mediated depression of calcium 
currents in hippocampal neurons. Neuron (4) 741-749. 
Leventhall, A. G., Schall, J. D. (1983) Structural basis of orientation sensitivity of cat retinal 
ganglion cells. J Comp Neurol (220) 465-475. 
Levick, W. R. (1972) Another tungsten microelectrode. Medical and biological engineering (10) 510-515. 
Levick, W. R., Thibos, L. N. (1982) Analysis of orientation bias in cat retina. Journal of Physiology (329) 243-261. 
Liý X., Hallqvist, A., Jacobson, I., Orwar, 0., Sandberg, M. (1996) Studies on the identity 
of the rat optic nerve transmitter. Brain Res (706) 89-96. 
Lim, C. H., Ho, S. M. (1998) GABAergic modulation of axonal conduction in the 
developing rat retinotectal pathway. Dev Brain Res (108) 299-302. 
Linden, D. C., Guillery, R. W., Cucchiaro, J. (198 1) The dorsal lateral geniculate nucleus of 
the normal ferret and its postnatal development. J Comp Neurol (203) 189-211. 
Linden, D. J., Smeyne, M., Connor, J. A. (1994) Trans-ACPD, a metabotropic receptor 
agonist, produces calcium mobilization and an inward current in cultured cerebellar 
Purkinje neurons. JNeurophysiol (71) 1992-1998. 
Linden, R., Perry, R. (1983) Massive retinotectal projection in rats. Brain Res (272) 145- 
149. 
Linke, R. (1999) Differential projection patterns of superior and inferior collicular neurons 
onto posterior paralaminar nuclei of the thalamus surrounding the medial geniculate 
body in the rat. Eur J Neurosci (11) 187-203. 
Llano, I., Dreesen, J., Kano, M., Konnerth, A. (199 1) Intradendritic release of calcium 
induced by glutamate in cerebellar purkinje cells. Neuron (7) 577-583. 
Llano, I., Marty, A. (1995) Presynaptic metabotropic glutamatergic regulation of inhibitory 
synapses in rat cerebellar slices. JPhysiol (48) 163-176. 
Lo, F-S., Cork, R. J., Mize, R. R. (1998) Physiological properties of neurons in the optic 
layer of the rat's superior colliculus. JNeurophysiol (80) 331-343. 
Lovinger, D. M. (199 1) Trans- I-aminocyclopentane- 1,3-dicarboxylic acid (t-ACPD) 
decreases synaptic excitation in rat striatal slices through a presynaptic action. 
Neurosci Lett (129) 17-2 1. 
Lovinger, D. M., McCool, B. A. (1995) Metabotropic glutamate receptor-mediated 
presynaptic depression at corticostriatal synapses involves mGluR2 or 3. J 
Neurophysiol (73) 1076-1083. 
References 189 
Lu, X. Y., Ghasemzadeh, M. B., Kalivas, P. w. (1999) Regional distribution and cellular localization of y-aminobutyric acid subtype I receptor mRNA in the rat brain. J Comp Neurol (407) 166-182. 
Lujan, R., Nusser, Z., Roberts, D. B., Shigemoto, R., SOmogyiý P. (1996) Perisynaptic 
location of Metabotropic glutarnate receptors mGluRI and mGIuR5 on dendrites and dendritic spines in the rat hippocampus. Eur J Neurosci (8) 1488-1500. 
Lujan, R., Roberts, D. B., Shigemoto, R., Ohishi, H., Somogyi, P. (1997) Differential 
plasma membrane distribution of metabotropic glutamate receptors rnGI AI cc, 
mGluR2 and mGluR5, relative to neurotransmitter release sites. J Chenfical 
Neuroanat (13) 219-241. 
Lund, R. D. (1966) The occipitotectal pathway of the rat. JAnat (100) 51-62. 
Lund, R. D. (1969) Synaptic patterns of the superficial layers of the superior collicul us of 
the rat. J Comp Neurol (135) 175-208. 
Lund-Karlsen, R., Fonnum, F. (1978) Evidence for glutarnate as a neurotransmitter in the 
corticofugal fibres to the dorsal lateral geniculate body and the superior colliculus in 
rats. Brain Res (151) 457-467. 
Luthi, A., Gahwiler, B. H., Gerber, U. (1996) A slowly inactivating potassium current in 
CA3 pyramidal cells of rat hippocampus in vitro. JNeurosci (16) 586-594. 
McBain, C. J., DiChiara, T. J., Kauer, J. A. (1994) Activation of metabotropic glutamate 
receptors differentially affects two classes of hippocampal interneurons and 
potentiates excitatory transmission. JNeurosci (14) 4433-4445. 
McCabe, R., Warnsley, J. K. (1986) Autoradiographic localization of subcomponents of the 
macromolecular GABA receptor complex. Life Sci (39) 1937-1945. 
McCaffery, B., Cho, K., Bortolotto, Z. A., Aggleton, J. P., Brown, M. W., Conquet, F., 
Collingridge, G. L., Bashir, ZI (1999) Synaptic depression induced by 
pharmacological activation of metabotropic glutarnate receptors in the perirhinal 
cortex in-vitro. Neurosci (93) 977-984. 
McCall, NIT, Robinson, S. R., Dreher, B. (1987) Differential retinal growth appears to be 
the primary factor producing the ganglion cell density gradient in the rat. Neurosci 
Lett (79) 78-84. 
McCool, B. A., Pin, J. P., Brust, P. F., Harpold, M. M., Lovinger. D. M. (1996) Heterologous 
expression of rat group 11 metabotropic glutamate receptors (mGluR2 and 3) 
in f IEK 
293 cells: functional coupling to a stably expressed (o-conotoxin GVIA-sensitive 
calcium channel. Mol Pharmacol (50) 912-922. 
References 190 
McCormick, D. A., Krosigk, M. V. (1992) Corticothalamic activation modulates thalamic firing through glutamate "metabotropic" receptors. ProcNatIAcadSci(89)2774- 
2778. 
McDonald, J. W., Fix, A. S., Tizzano, J. P., Schoepp, D. D. (1993) Seizures and brain injury in neonatal rats induced by I S, 3R-ACPD, a metabotropic glutamate receptor agonist. Journal ofNeuroscience (13) 4445-4455. 
McHaffie, J. G., Stein, B. E. (1982) Eye movements evoked by electrical stimulation in the 
superior colliculus of rats and harnsters. Brain Res (247) 243-253. 
McIlwain, J. T., Buser, P. (1968) Receptive fields of single cells in cat's superior colliculus. 
JNeurophysiol (34) 763-772. 
Macek, T. A., Schaffhauser, H., Conn, P. J. (1998) Protein kinase C and A3 adenosine 
receptor activation inhibit presynaptic metabotropic glutamate receptor (mGluR) 
function and uncouple mGluRs from GTP-binding proteins. JNeurosci (18) 6138- 
6146. 
Macek, T. A., Winder, D. G., Gereau, R. W. IV, Ladd, C. O., Conn, P. J. (1996) Differential 
involvement of group 11 and group III mGluRs as autoreceptors at lateral and medial 
perforant path synapses. JNeurophysiol (76) 3798-3806. 
Mackay-Sim, A., Sefton, A. J., Martin, P. R. (1983) Subcortical projections to lateral 
geniculate and thalamic reticular nuclei in the hooded rat. J Comp Neurol (213) 24- 
35. 
Maiese, K., Swiriduk, M., TenBroeke, M. (1996) Cellular mechanisms of protection by 
metabotropic glutarnate receptors during anoxia and nitric oxide toxicity. Journal of 
Neurochemistry (66) 2419-2428. 
Maki, R., Robinson, M. B., Dichter, M. A. (1994) The glutamate uptake inhibitor L-trans- 
pyrrol idine-2,4 -dicarboxyl ate depresses excitatory synaptic transmission via a 
presynaptic mechanism in cultured hippocampal neurons. J Neurosci (14) 6754- 
6762. 
Manzoni, 0., Bockaert, J. (1995) Metabotropic glutarnate receptors inhibiting excitatory 
synapses in the CAI area of the rat hippocampus. EurJNeurosci (7) 2518-2523. 
Manzoni, 0., Poulat, F-9 Do, E., Sahuquet, A., Sassetti, I., Bockaert, J.. Sladeczek, FAT 
(199 1) Pharmacological characterization of the quisqualate receptor coupled to 
phospholipase C (Qp) in striatal. neurones. Eur JPharmacol Molec Phannacol Sec 
(207) 231-241. 
Markram, H., Segal, M. (1992) Activation of protein kinase C suppresses responses to 
NMDA in rat CAI hippocampal neurones. J Physiol (457) 491-501. 
References 19 1 
Marois, A., Darveau, S., Casanova, C. (1996) Effects of Angiotensin 11 on the visual 
responses of the rat superior colliculus during neonatal development. Soc Neurosci 
Abstr (22) 635. 
Martin, G., Nie, Z., Siggins, G. R. (1997) Metabotropic glutamate receptors regulate N- 
methyl-D-aspartate-mediated synaptic transmission in nucleus accumbens. J Neurophysiol (78) 3028-3038. 
Martin, LT, Blackstone, C. D., Huganir, R. L., Price, D. L. (1992) Cellular localization of a 
metabotropic glutarnate receptor in rat brain. Neuron (9) 259-270. 
Martin, G., Nie, Z., Siggins, G. R. (1998) Metabotropic glutamate receptors regulate N- 
methyl-D-aspartate-mediated synaptic transmission in nucleus accumbens. J 
Neurophysiol (78) 3028-3038. 
Martin, P. R. (1986) The projection of different retinal ganglion cell classes to the dorsal 
lateral geniculate nucleus in the hooded rat. Exp Brain Res (62) 77-88. 
Martin, P. R., Sefton, A. J. (1981) Visual projections to pretectal nuclei of the rat. ProcAust 
Physiol Pharmacol Soc (12) 98P. 
Mason, R., Groos, G. A. (198 1) Cortico-recipient and tecto-recipient visual zones in the 
rat's lateral posterior (pulvinar) nucleus: an anatomical study. Neurosci Lett (25) 
107-112. 
Mason, A., Larkman, A. (1990) Correlations between morphology and electrophysiology of 
pyramidal neurons in slices of rat visual cortex. H electrophysiology. J Neurosci 
(10) 1415-1428. 
Masu, M., Iwakabe, H., Tagawa, Y., Miyoshi, T., Yamashita, M., Fukuda, Y., Sasaki, H.. 
Hiroi, K., Nakamura, Y., Nakao, K., Katsuki, M., Nakanishi, S. (1995) Specific 
deficit of the ON response in visual transmission by targeted disruption of the 
mGluR6 gene. Cell (80) 757-765. 
Masu, M., Tanabe, Y., Tsuchida, K., Shigemoto, R., Nakanishi, S. (1991) Sequence and 
expression of a metabotropic glutamate receptor. Nature (349) 760-765. 
Merabet, L., de Gasparo, M., Casanova, C. (1997) Dose-dependent inhibitory effects of 
angiotensin 11 on visual responses of the rat superior colliculus: AT, and AT2 receptor 
contributions. Neuropeptides (31) 469-48 1. 
Michels, K. M., Heemskerk, F. M. J., Saaverda, J. M. (1994) Selective changes in angiotensin 
11 AT, and AT2 receptor subtypes in the rat superior colliculus following eý'e 
enucleation. Neuroscience (58) 835-844. 
Min, M-Y., Rusakov, D. A., Kullmann, D. M. (1998) Activation of AMPA, kainate and 
metabotropic receptors at hippocampal mossy fiber synapses: role of glutamate 
diffusion. Neuron (21) 561-570. 
References 192 
Minakami, R., Katsuki, F., Sugiyama, H. (1993) A variant of metabotropic glutamate 
receptor subtype 5: an evolutionally conserved insertion with no termination codon. Biochem Biophys Res Comm (194) 622-627. 
Mineff, E., Valtschanoff, J. (1999) Metabotropic glutarnate receptors 2 and 3 expressed by 
astrocytes in rat ventrobasal thalamus. Neurosci Lett (270) 95-98. 
Mitchell, S. J., Silver, A. (2000) Glutarnate spillover suppresses inhibition by activating 
presynaptic mGluRs. Nature (404) 498-502. 
Mize, R. R. (1992) The organization of GABAergic neurones in the mammalian superior 
colliculus. In Mize, R. R., Marc, R. E., Sillito, A. M. (eds), GABA in the Retina and 
Central Visual System, Progress in Brain Research, Vol 90 Elsevier, Amsterdam, pp- 
219-248. 
Mize, R. R., Butler, G. D. (1996) Postembedding Immunocytochemistry demonstrates 
directly that both retinal and cortical terminals in the cat superior colliculus are 
glutamate immunoreactive. J Comp Neurol (371) 633-648. 
Mize, R. R., Scheiner, C. A., Salvatore, M. F., Cork, R. J. (1997) Inhibition of nitric oxide 
synthase fails to disrupt the development of cholinergic fiber patches in the rat 
superior colliculus. Dev Neurosci (19) 260-273. 
Mize, R. R. (1998) The role of nitric oxide in development of the patch-cluster system and 
retinocollicular pathways in the rodent superior colliculus. Prog in Brain Res (118) 
133-152. 
Molitor, S. C., Manis, P. B. (1997) Evidence for functional metabotropic glutamate receptors 
in dorsal cochlear nucleus. JNeurophysiol (77) 1889-1905. 
Molotchnikoff, S., Itaya, S. K. (1993) Functional development of the neonatal rat 
retinotectal pathway. Dev Brain Res (72) 300-304. 
Monaghan, D. T., Bridges, R. J., Cotman, C. W. (1989) The excitatory amino acid receptors: 
their classes, pharmacology, and distinct properties in the function of the central 
nervous system. Ann Rev Pharmacol Toxicol (29) 365-402. 
Monn, J. A., Valli, M. J., Massey, S. M., Wright, R. A., Salhoff, C. R., Johnson, B. B., Howe, 
T., Alt, C. A., Rhodes, G. A., Robey, R. L., Friffey, K. R., Tizzano, J. P., Kallman, MT, 
Helton, D. R., Schoepp, D. D. (1997) Design, synthesis and pharmacological 
characterization of (+)-2-aminobicyclo(3.1.0)hexane-2,6-dicarboxylic acid 
(LY354740): a potent, selective, and orally active group 2 metabotropic glutamate 
receptor agonist possessing anticonvulsant and anxiolytic properties. J Med Chem 
(40) 528-537. 
Moore, R. Y., Weis, R., Moga, M. M. (2000) Efferent projections of the intergeniculate 
leaflet and the ventral lateral geniculate nucleus in the rat. J Comp Neurol (420) 398- 
418. 
References 191 
Moroni, F., Cozzi, A., Lombardi, G., Sourtcheva, S., Leonardi. P., Carfi. M.. Pillicciari, R. 
(1998) Presynaptic mGlul type receptors potentiate transmitter output in the rat 
cortex. EurJPharmacol(347) 189-195. 
Murphy, SN., Miller, R. J. (1988) A glutamate receptor regulates Ca 2+ mobilization in 
hippocampal neurons. Proc Nad Acad Sci (85) 8737-8741. 
Nakajima, J., Saito, N., Kani, K., Maeda, T. (1996) Morphologic analysis of rat retino- 
collicular neuron terminals containing monoamine oxidase. Brain Res Bull (40) 209- 
217. 
Nakajima, J., Stuart, M., Kani, K., Maeda, T. (1988) Monoamine oxidase positive retinal 
ganglion cells projecting to the superior colliculus and dorsolateral geniculate nucleus 
of the rat brain. Exp Eye Res (66) 591-598. 
Nakajima, Y., Iwakabe, H., Akazawa, C., Nawa, H., Shigemoto, R., Mizuno, N.. Nakanishi. 
S. (1993) Molecular characterization of a novel retinal metabotropic glutamate 
receptor mGluR6 with a high agonist selectivity for L-2-aminophosphonobutyrate. J 
Biol Chem (268) 11868-11873. 
Nakanishi, S. (1992) Molecular diversity of glutamate receptors and implications for brain 
function. Nature (258) 597-603. 
Nakanishi, S. (1994) Metabotropic glutamate receptors: synaptic transmission, modulation 
and plasticity. Neuron (13) 1031-1037. 
Neki, A., Ohishi, N., Kaneko, T., Shigemoto, R., Nakanishi, S., Mizuno, N. (1996) Pre and 
postsynaptic localization of a metabotropic glutamate receptor, mGluR2 , in the rat 
brain: an immunohistochernical study with a monoclonal antibody. Neurosci Lett 
(202) 197-200. 
Nelson, JI, Kato, H., Bishop, P. O. (1977) Discrimination of orientation and position 
disparities by binocularly activated neurons in the cat striate cortex. J Neurophysiol 
(40) 260-283. 
Netzeband, J. G., Parsons, K. L., Sweeney, D. D., Gruol, D. L. (1997) Metabotropic glutamate 
receptor agonists alter neuronal excitability and Ca2+ levels via the phospholipase 
C 
transduction pathway in cultured purkinje neurons. JNeurophysiol (78) 63-75. 
Ni, S. Y. K., Dreher, B. (1981) Morphology of rat retinal ganglion cells projecting to the 
thalamus and midbrain. Proc Aust Physiol Pharmacol Soc (12) 97P. 
Nicoletti, F., Meek, U., ladarola, MT, Chuang, D. M., Roth, B. L., Costa, E. (1986) 
Coupling of inositol phospholipid metabolism with excitatory amino acid recognition 
sites in rat hippocampus. J Neurochem (46) 404-46. 
Nonaka, R., Moroji. T. (1984) Quantitative autoradiography of muscarinic cholinergic 
receptors in the rat brain. Brain Res (296) 295-303. 
References 194 
Nusser, Z., Mulvhill, E., Streit, P., Somogyi, P. (1994) Subsynaptic segregation of 
metabotropic and ionotropic glutarnate receptors as revealed by immunogold 
localization. Neurosei (61) 421-427. 
O'Connor, JJ, Rowan, M. J., Anwyl, R. (1994) Long-lasting enhancement of NMDA 
receptor-mediated synaptic transmission by metabotropic glutamate receptor 
activation. Nature (367) 557-559. 
O'Hara, P. J., Sheppard, P. O., Thorgensen, H., Venezia, D., Haldeman, B. A. (1993) The 
ligand-binding domain in metabotropic glutamate receptors is related to bacterial 
periplasmic binding proteins. Neuron (11) 41-52. 
O'Leary, D. M., Movsesyan, V., Vicini, S., Fadel, A. I. (2000) Selective mGluR5 
antagonists WEP and SIB- 1893 decrease NAMA or glutamate-mediated neuronal 
toxicity through actions that reflect NMDA receptor antagonism. Br JPharniacol 
(131) 1429-1437. 
Ohishi, H., Akazawa, C., Shigernoto, R., Nakanishi, S., Mizuno, N. (1995) Distributions of 
the mRNAs for L-2-amino-4-phosphonobutyrate-sensitive metabotropic glutarnate 
receptors, mGluR4 and mGluR7, in the rat brain. J Comp Neurol (360) 555-570. 
Ohishi, H., Neki, A., Mizuno, N. (1998) Distribution of a metabotropic glutamate receptor. 
mGluR2, in the central nervous system of the rat and mouse: an 
immunohistochernical study with a monoclonal antibody. Neurosci Res (30) 65-82. 
Ohishi, H., Nomura, S., Ding, Y. Q., Shigemoto, R., Wada, E., Kinoshita, A., Li, J-L., Neki. 
A., Nakanishi, S., Mizuno, N. (1995) Presynaptic localization of a metabotropic 
glutamate receptor, mGluR7, in the primary afferent neurons: an 
immunohistochemical study in the rat. Neurosci Lett (202) 85-88. 
Ohishi, H., Ogawa-Meguro, R., Shigernoto, R., Kaneko, T., Nakanishi, S., Mizuno, N. 
(1994) Immunohistochemical localization of metabotropic glutarnate receptors, 
mGluR2 and mGluR3 in rat cerebellar cortex. Neuron (13) 55-66. 
Ohishi, H., Shigemoto, R., Nakanishi, S., Mizuno, N. (1993 a) Distribution of the messenger 
RNA for a metabotropic glutamate receptor mGluR2, in the central nervous system of 
the rat. Neuroscience (53) 1009-1018. 
Ohishi, H. 9 Shigemoto, 
R., Nakanishi, S., Mizuno, N. (1993b) Distribution of the mRNA 
for a metabotropic glutarnate receptor (mGluR3) in the rat brain: an in-situ 
hybridization study. J Comp Neurol (335) 252-266. 
Ohtsuki, H., Tokunaga, A., Ono, K., Hasebe, S., Tadokoro, Y. (1992) Distribution of 
efferent neurons projecting to the tecturn and cerebellum in the rat Prepositus 
Hypoglossi nucleus. Invest Ophthal Vis Sci (33) 2567-2574. 
Okada, D. (1992) Two pathways of cyclic GNIP production through glutamate receptor- 
mediated nitric oxide synthesis. J Neurochem (59) 1203 -12 10. 
References 195 
Okada, Y. (1992) The distribution and function of gamma-aminobutyric acid (GABA) in 
the superior colliculus. Prog in Brain Res (90) 249-262. 
Okamoto, N., Hinori, S., Akazawa, C., Huyashi, Y., Shigemoto, R.. Mizuno, N., Nakanishi. 
S. (1994) Molecular characterization of a new metabotropic glutamate receptor 
mGluR7 coupled to inhibitory cyclic ANW signal transduction. J Biol Cheni (269) 
1231-1236. 
Okamoto, T., Sekiyama, N., Otsu, M., Shimada, Y., Sato, A., Nakanishi, S., Jingami, 11. 
(1998) Expression and purification of the extracellular ligand binding region of 
metabotropic glutamate receptor subtype 1. JBiol Chem (273) 13089-13096. 
Olavaria, J., Van Sluyters, R. C. (1982) The projection from striate and extrastriate cortical 
areas to the superior colliculus of the rat. Brain Res (242) 332-336. 
Olds, M. E., Olds, J. (1962) Approach-escape interactions in rat brain. Am JPhysiol (203) 
803-810. 
Ortega, F., Hennequet, L., Sarria, R., Streit, P., Grandes, P. (1995) Changes in the pattern 
of glutamate-like immunoreactivity in rat superior colliculus following retinal and 
visual cortical lesions. Neuroscience (67) 125-134. 
Ottersen, O. P., Landsend, A. S. (1997) Organization of glutarnate receptors at the synapse. 
Eur J Neurosci (9) 2219-2224. 
Oyster, C. W., Takahashi, E. S. (1974) Responses of rabbit superior colliculus neurons to 
repeated visual stimuli. Journal ofNeurophysiology (38) 301-312. 
Ozen, G., Augustine, G. J., Hall, W. C. (2000) Contribution of superficial layer neurons to 
premotor bursts in the superior colliculus. JNeurophysiol (84) 460-471. 
Pacelli, G. J., Kelso, S. R. (199 1) Trans-ACPD reduces multiple components of synaptic 
transmission in the rat hippocampus. Neurosci Lett (132) 267-269. 
Paolillo, M., Montecucco, A., Zanassi, P., Schinelli, S. (1998) Potentiation of dopamine- 
induced cAMP formation by group I metabotropic glutamate receptors via protein 
kinase C in cultured striatal neurons. EurJNeurosci (10) 1937-1945. 
Parmentier, M. L., Galvez, T., Acher, F., Pegre, B., Pellicciari, R., Grau, Y., Bockaert. J.. 
Pin, J-P. (2000) Conservation of the ligand recognition site of metabotropic glutamate 
receptors during evolution. Neuropharm (39) 1119-113 1. 
Pastemack, M., Boller, M., Pau, B.. Schmidt, M. (1999) GABAAand GABAC receptors 
have contrasting effects on excitability in superior colliculus. 
JNeurophysiol (82) 
2020-2023. 
Pasquier, D. A., Tramezzani, J. H. (1979) Afferent connections of the hypothalamic 
retrochiasmatic area in the rat. Brain Res Bull (6) 
765-771. 
References 196 
Pasquier, D. A., Villar, M. J. (1982) Subcortical projections to the lateral geniculate body in 
the rat. Exp Brain Res (48) 409-419. 
Paxinos, G., Watson, C. (1986) The Rat Brain in the Stereotaxic Co-ordinates, 2 nd edition 
Academic Press, San Diego, CA. 
Peichl, L. (1989) Alpha and delta ganglion cells in the rat retina. J Comp Neurol (286) 
120-139. 
Peng, Y. W., Blackstone, C. D., Huganir, R. L., Yau, K-W. (1995) Distribution of glutamate 
receptor subtypes in the vertebrate retina. Neurosci (66) 483-497. 
Perry, V. H. (1979) The ganglion layer of the retina of the rat: a Golgi study. Proc R Soc 
London (B204) 363-375. 
Perry, V. H. (1980) A tectocortical visual pathway in the rat. Neuroscience (5) 915-927. 
Petralia, R. S., Yokotani, N., Wenthold, R. J. (1994) Light and electron microscope 
distribution of the NMDA receptor subunit NMDARI in the rat nervous system using 
a selective anti-peptide antibody. JNeurosci (14) 667-696. 
Petralia, R. S., Wang, YX, Wenthold, R. J. (1994) Histological and ultrastructural 
localization of the kainate receptor subunits, KA2 and GluR6/7, in the rat nervous 
system using selective antipeptide antibodies. J Comp Neurol (349) 85-110. 
Petralia, R. S., Wenthold, R. J. (1992) Light and electron immunocytochernical localization 
of AMPA-selective glutarnate receptors in the rat brain. J Comp Neurol (318) 329- 
354. 
Petralia, R. S., Wang, YX, Niedzielski, A. S., Wenthold, R. J. (1996) The metabotropic 
glutarnate receptors, mGluR2 and mGluR3 show unique postsynaptic, presynaptic 
and glial localizations. Neuroscience (71) 949-976. 
Petralia, R. S., Wenthold, R. J. (1992) Light and electron immunocytochernical localization 
of AMPA-selective glutarnate receptors in the rat brain. Journal o Comparative 
Neurology (318) 329-54. 
Phillips, T., Makoff, A., Morrison, E., Mimmack, H., Waldvogel, H., Faull, R., Rees, S., 
Emson, P. (1998) Immunohistochernical localization of mGluR7 protein in the rodent 
and human cerebellar cortex using subtype specific antibodies. Brain Res 
Mol Brain 
Res (57) 132-14 1. 
Pickering, D. S., Thomsen, C., Suzdak, P. D., Fletcher, E. J., Robitaille, R., Salter, M. W.. 
MacDonald, J. F.. Huang, X-P., Hampson, D. R. (1993) A comparison of two 
alternatively spliced forms of a metabotropic glutamate receptor coupled to 
phosphoinositide turnover. JNeurochem (61) 85-92. 
References 197 
Pin, J-P., Bockaert, J. (1995) Get receptive to metabotropic glutamate receptors. Curr Opin Neurobiol (5) 342-349. 
Pin, J-P., Duvoisin, R. (1995) The metabotropic glutarnate receptors: structure and functions. Neurophann (34) 1-26. 
Pin, J-P., Joly, C., Heinemann, S. F., Bockaert, J. (1994) Domains involved in the 
specificity of G protein activation in phospholipase C coupled metabotropic glutamate 
receptor. JEA/IBO(13)342-348. 
Pin, J-P., Waeber, C., Prezau, L., Bockaert, J., Heinemann, S. F. (1992) Alternative splicing 
generates metabotropic glutarnate receptors including different patterns of calcium 
release in Xenopus oocytes. Proc Nat Acad Sci (89) 10331-10335. 
Pinard, R., Richards, J. G., Lanoir, J. (1990) Subcellular localization of 
GABAA/benzodiazepine receptor-like immunoreactivity in the superficial gray layer 
of the rat superior colliculus. Neurosci Lett (129) 161-164. 
Pirker, S., Schwarzer, C., Wieselthaler, A., Sieghart, W., Sperk, G. (2000) GABA(A) 
receptors: immunocyctochernical distribution of 13 subunits in the adult rat brain. 
Neuroscience (101) 815-850. 
Pisani, A., Calabresi, P., Centonze, D., Bernardi, G. (1997a) Activation of Group III 
metabotropic glutamate receptors depresses glutarnatergic transmission at 
corticostriatal synapse. Neuropharm (36) 845-85 1. 
Pisani, A., Calabresi, P., Centonze, D., Bernardi, G. (I 997b) Enhancement of NNMA 
responses by group I metabotropic glutamate receptor activation in striatal neurones. 
Br JPharmacol (120) 1007-1014. 
van den Pol, AX, Romano, C., Ghosh, P. (1995) Metabotropic glutamate receptor 
mGluR5 subcellular distribution and developmental expression in hypothalamus. J 
Comp Neurol (362) 134-150. 
Poncer, J-C., Shinozaki, H., Miles, R. (1995) Dual modulation of synaptic inhibition by 
distinct metabotropic glutamate receptors in the rat hippocampus. J Physiol (485) 
121-134. 
Potts, R. A., Dreher, B., Bennett, M. R. (1982) The loss of ganglion cells in the developing 
retina of the rat. Del, Brain Res (3) 481-486. 
Pozzo, L. D., Petrozzino, J. J., Connor, J. A. (1995) G protein-coupled receptors mediate a 
fast excitatory postsynaptic current in CA3 pyramidal neurons in hippocampal slices. 
JNeurosci (15) 8320-8330. 
Prernkumar, L.. Chung, S-H. (1995) Activation of K+ channels by stimulation of 
metabotropic glutamate receptors. Neuroreport (6) 765-768. 
References 198 
Prezeau, L., Carrette, J., Helpap, B., Currey, K., Pin, J-P., Bockaert, J. (1994) 
Pharmacological characterization of metabotropic glutamate receptors in several types 
of brain cells in primary cultures. Mol Phannacol (45) 570-577. 
Prezeau, L., Manzoni, 0., Homburger, V., Sladeczek, F., Curry, K., Bockaert, J. (1992) 
Characterization of a metabotropic glutamate receptor: direct negative coupling to 
adenylyl cyclase and involvement of a pertussis toxin-sensitive G protein. Proc Natl 
Acad Sci (89) 8040-8044. 
Rahman, S., Neuman, R. S. (1996) Characterization of metabotropic glutamate receptor- 
mediated facilitation of N-methyl-D-aspartate depolarisation of neocortical neurones. 
Br J Pharmacol (117) 6 75 -6 83. 
Redgrave, P., Dean, P. (1985) Tonic desynchronization of cortical electroencephalogram by 
electrical and chemical stimulation of superior colliculus and surrounding structures 
in urethane-anaesthetised rats. Neuroscience (16) 659-67 1. 
Redgrave, P., Dean, P., Souki, W., Lewis, G. (198 1) Gnawing and changes in reactivity 
produced by microinjections of pictotoxin into the superior colliculus of rats. 
Psychopharmacology (75) 198-203. 
Redgrave, P., Mitchell, I. J., Dean, P. (1987a) Descending projections from the superior 
colliculus in rat: a study using orthograde transport of wheatgerm-agglutinin 
conjugated horseradish peroxidase. Exp Brain Res (68) 147-167. 
Redgrave, P., Mitchell, I. J., Dean, P. (1987b) Further evidence for segregated output 
channels from superior colliculus in rat: ipsilateral tecto-pontine and tecto-cuneiform 
projections have different cells of origin. Brain Res (413) 170-174. 
Redgrave, P., Simkins, M., McHaffie, J. G. (1996) Nociceptive neurones in the rat superior 
colliculu. s. 11 Effects of lesions to the contralateral descending output pathway on 
nocifensive behaviours. Exp Brain Res (109) 197-208. 
Reese, B. E. (1984) The projection from the superior colliculus to the dorsal lateral 
geniculate nucleus in the rat. Brain Res (305) 162-168. 
IRI, eese, B. E. (1988) "Hidden lamination" in the dorsal lateral geniculate nucleus: the 
functional organization of this thalamic region in the rat. Brain Res Rev (13) 119- 
137. 
D- 
I-Leese, B. E., Cowey, A. (1986) Large retinal ganglion cells in the rat: their distribution and 
laterality of projection. Exp Brain Res (61) 375-385. 
Roberts, M. H. T., Gould, T. (1993) Iontophoresis in the mammalian central nervous system. 
In Wallis, D. I. (eds. ) Electrophysiology a practical approach. Oxford Universq.. 
Press Inc. New York. pp239-263. 
References 199 
Roberts, W. A., Eaton, S. A., Salt, T. E. (199 1) Excitatory amino acid receptors mediate 
synaptic responses to visual stimuli in superior colliculus neurones of the rat. Neurosci Lett (129) 161-164. 
Rodriguez-Moreno, A., Sistiaga, A., Lerma, J., Sanchez-Prieto, J. (1998) Switch from 
facilitation to inhibition of excitatory synaptic transmission by group I mGluR 
desensitisation. Neuron (21) 1477-1476. 
Romano, C., Sesma, M. A., McDonald, C. T., O'Malley, K., van den Pol. A. M. Olney. J. W. 
(1995) Distribution of Metabotropic glutamate receptor mGluR5 immunoreactivity in 
rat brain. J Comp Neurol (355) 455-469. 
Rotter, A., Birdsall, N. J. M., Field, P. M., Raisman, G. (1979) Muscarinic receptors in the 
central nervous system of the rat. 11 Distribution of binding of 
[3 H]propylbenzilcholine mustard in the midbrain and hindbrain. Brain Res Rev (1) 
167-184. 
Rumberger, A., Schmidt, M., Lohmann, H., Hoffman, K-P. (1998) Correlation of 
electrophysiology, morphology, and functions of corticotectal and corticopretectal 
projection neurons in rat visual cortex. Exp Brain Res (119) 375-390. 
Rusakov, D. A., Kullmann, D. M. (1998) Extrasynaptic glutarnate diffusion in the 
hippocampus: ultrastructural constraints, uptake and receptor activation. J Neurosci 
(18) 3158-3170. 
Sahara, Y., Westbrook, G. L. (1993) Modulation of calcium currents by a metabotropic 
glutamate receptor involves fast and slow kinetic components in cultured 
hippocampal neurons. J Neurosci (13) 3041-3050. 
Sahibzada, N., Dean, P., Redgrave, P. (1986) Movements resembling avoidance or 
orientation elicited by electrical stimulation of the superior colliculus of rats. J 
Neurosci (6) 723-733. 
Sakatini, K., Black, J. A., Kocsis, J. D. (1992) Transient presence and functional interaction 
of endogenous GABA and GABAAreceptors in developing rat optic nerve. Proc R 
SocLondB247 155-161. 
Sakurai, T., Miyarnoto, T., Okada, Y. (1990) Reduction of glutamate content in rat superior 
colliculus after retino-tectal denervation. Neurosci Lett (109) 299-303. 
Sakurai, T., Okada, Y. (1992) Selective reduction of glutarnate in the rat superior colliculus 
and dorsal lateral geniculate nucleus after contralateral enucleation. Brain Res (573) 
197-203. 
Salt, T. E., Eaton, S. A. (199 1) Excitatory action of the metabotropic excitatory amino acid 
receptor agonist, (trans-ACPD) in rat thalamic neurons. Eur J Neurosci (3) 1104- 
1111. 
References 200 
Salt, T. E., Eaton, S. A. (1994) The function of metabotropic excitatory amino acid receptors 
in synaptic transmission in the thalamus: studies with novel phenylglycine 
antagonists. Neurochem Int (24) 451-458. 
Salt, T. E., Eaton, S. A. (1995) Distinct presynaptic metabotropic receptors for L-AP4 and 
CCGI on GABAergic terminals: pharmacological evidence using novel (X-methyl 
derivative mGluR antagonists, MAN and MCCG, in the rat thalamus in-vivo. 
Neuroscience (65) 5-13. 
Salt, T. E., Eaton, S. A., Turner, J. P. (1996) Characterization of the metabotropic glutamate 
receptors (mGluRs) which modulate GABA-mediated inhibition in the ventrobasal 
thalamus. Neurochem Int (29) 317-322. 
Sanderson, K. J. (1974) Lamination of the dorsal lateral geniculate nucleus in carnivores of 
the weasel (Mustelidde), raccoon (Procyonidae) and fox (Canidae) families. J Conip 
Neurol (153) 239-266. 
Sari, Y., Miguel, M. C., Brisorgueil, M. J., Ruiz, G., Doucet, E., Hamon, M., Verge, D. 
(1999) Cellular and subcellular localization of 5-hydroxytryptamine IB receptors in 
the rat central nervous system: immunocyto chemical, autoradiographic and lesion 
studies. Neuroscience (88) 899-915. 
Saugstad, J. A., Kinzie, J. M., Mulvhill, E. R., Segerson, T. P., Westbrook, G. L. (1994) 
Cloning and expression of a new member of the L-2-amino-4-phopsphonobutyruc 
acid-sensitive class of metabotropic glutamate receptors. Mol Pharmacol (45) 367- 
372. 
Saugstad, J. S., Kinzie, J. M., Shinohara, M. M., Segerson, T. P., Westbrook, G. L. (1997) 
Cloning and expression of rat embryonic glutarnate receptor 8 reveals a distinct 
pharmacological profile. Molecular Pharmacology (51) 119-125. 
Saugstad, J. A., Segerson, T. P., Westbrook, G. L. (1996) Metabotropic glutamate receptors 
activate G-protein-coupled inwardly rectifying potassium channels in Xenopus 
oocytes. JNeurosci (16) 5979-5985. 
Sayer, R. J. (1998) Group I metabotropic glutarnate receptors mediate slow inhibition of 
calcium current in neocortical neurons. JNeurophysiol (80) 1981-1988. 
Sayer, R. J., Schwindt, P. C., Crill, W. E. (1992) metabotropic glutarnate receptor-mediated 
suppression of L-type calcium current in acutely isolated neocortical neurons. 
J 
Neurophysiol (68) 833-842. 
Scanziani, M., Gahwiler, B. H., Charpak, S. (1998) Target cell-specific modulation of 
transmitter release at terminals from a single axon. Proc Nat Acad Sci (95) 
12004- 
12009. 
Scanziani. M., Salin, P. A., Vogt, K. E., Malenka, R. C., Nicoll, R. A. (1997) Use-dependent 
increases in glutarnate concentration activate presynaptic metabotropic glutarnate 
receptors. Nature (385) 630-634. 
References 201 
Schall, J. D., Perry, V. H., Leventhall, A. G. (1987) Ganglion cell dendritic structure and 
retinal topography in the rat. J Comp Neurol (257) 160 -165. 
Schneider, G. E. (1969) Two visual systems: brain mechanisms for localization and 
discrimination are dissociated by tectal and cortical lesions. Science (163) 895-902. 
Schoppa, N. E., Westbrook, G. L. (1997) Modulation of mEPSCs in olfactory bulb mitral 
cells by metabotropic glutarnate receptors. JNeurophysiol (78) 1468-1475. 
Schrader, L. A., Tasker, J. G. (1997) Presynaptic modulation by metabotropic glutamate 
receptors of excitatory and inhibitory synaptic inputs to hypothalamic magnocellular 
neurons. JNeurophysiol (77) 527-536. 
Schoepp, D. D. (1994) Novel functions for subtypes of metabotropic glutamate receptors. 
Neurochem Int (24) 439-449. 
Schoepp, D. D., Hillman, C. C. (1990) Developmental and pharmacological characterization 
of quisqualate, ibotenate, and trans- I -I amino- 1,3-cyclepentanedi-carboxylic acid 
stimulations of phosphoinositide hydrolysis in rat cortical brain slices. Biogenic 
Amines (7) 331-340. 
Schoepp, D. D., Johnson, B. G., Salhoff, C. R., Valli, M. J., Desai, M. A. (1995) Selective 
inhibition of forskolin-stimulated cyclic AMP formation in rat hippocampus by a 
novel mGluR agonist, 2F, 4R-4-amionopyrolidine-2,40dicarboxylate. Neuropharm 
(34) 843-50. 
Schoepp, D. D., Salhoff, C. R., Wright, R. A., Johnson, B. G., Burnett, J. P., Mayne, N. G., 
Belagajem R., Wu, S., Monn, J. A. (1996) The novel metabotropic glutamate receptor 
agonist 2R, 4R-APDC potentiates stimulation of phosphoinositide hydrolysis in the rat 
hippocampus by 3,5-dihydrophenylglycine: evidence for a synergistic interaction 
between group I and group 2 receptors. Neuropharm (35) 1661-1672. 
Schofield, B. R., Hallman, L. E., Lin, C. S. (1987) Morphology of corticotectal cells in the 
primary visual cortex of hooded rats. J Comp Neurol (261) 85-97. 
Scholz, W. K., Palfrey, H. C. (199 1) Glutamate-stimulated protein phosphorylation in 
cultured hippocampal. pyramidal neurons. J Neurosci (11) 2422-2432. 
Sciancalepore, M., Strata, F., Fisher, N. D., Cherubini, E. (1995) Activation of metabotropic 
glutarnate receptors increases the frequency of spontaneous GABAergic current 
through protein kinase A in neonatal rat hippocampal neurons. J Neurophysiol (74) 
1118-1122. 
Seeburg, P. H. (1993) The molecular biology of mammalian glutamate receptor channels. 
TINS (16) 359-365. 
Sefton, A. J. (1968) The innervation of the lateral geniculate nucleus and anterior colliculus 
intherat. I"isRes(8)867-881. 
References 202 
Sefton, A. J. (1969) The electrical activity of the anterior colliculus in the rat. VisRes(9) 
207-222. 
Sefton, A. J., Dreher, B. (1995) Visual System, Chapter 32 pp833-898 in The Rat Nervous 
System, 2 nd Edition Academic Press Inc. 
Sefton, A. J., Mackay-Sim, A., Baur, L. A., Cottee, L. J. (198 1) Cortical projections to visual 
centres in the rat: an fW study. Brain Res (215) 1-13. 
Sefton, A. J., Martin, P. R. (1984) Relations of the parabigeminal nucleus to the superior 
colliculus and lateral geniculate nucleus in the hooded rat. Exp Brain Res (56) 144- 
148. 
Segal, M., Dudai, Y., Amsterdam, A. (1978) Distribution of an oc-bungarotoxin-binding 
cholinergic nicotinic receptor in rat brain. Brain Res (148) 105-119. 
Segu, L., Abdelkefi, J., Dusticier, G., Lanoir, J. (1986) High-affinity serotonin binding 
sites, autoradiographic evidence for their location on retinal afferents in the rat 
superior colliculus. Brain Res (384) 205-217. 
Sekiyarna, N., Hayashi, Y., Nakanishi, S., Jane, D. E., Tse, H-W., Birse, E. F., Watkins, J. C. 
(1996) Structure-activity relationships of new agonists and antagonists of different 
metabotropic glutarnate receptor types. Br JPharmacol (117) 1493-1503. 
Shi, J., Aamodt, S. M., Constantine-Paton, M. (1997) Temporal correlations between 
functional and molecular changes in NMDA receptors and GABA neurotransn-ýission 
in the superior colliculus. JNeurosci (17) 6264-6276. 
Shibata, Y., Tomita, H., Okada, Y. (1990) The effects of ablation of the visual cortical area 
on the formation of UP in the superior colliculus of the rat. Brain Res (537) 345- 
348. 
Shigemoto, R., Kinoshita, A., Wada, E., Nomura, S., Ohishi, H., Takada, M., Flor, P. J.. 
Neki, A., Abe, T., Nakanishi, S., Mizuno, N. (1997) Differential presynaptic 
localization of metabotropic glutamate receptor subtypes in the rat hippocampus. 
Neurosci (17) 7503-7522. 
Shigernoto, R., Kulik, A., Roberts, J. D. B., Ohishi, H., Nusser, Z., Kaneko, T., Somogyi, P. 
(1996) Target-cell -specific concentration of a metabotropic glutamate receptor in the 
presynaptic active zone. Nature (381) 523-525. 
Shigemoto, R., Nakanishi, S., Mizuno, N. (1992) Distribution for the mRNA for a 
metabotropic glutamate receptor (mGluRl) in the central nervous system: an in-situ 
hybridization study in adult and developing rat. J Conip Neurol (322) 121-135. 
Shigemoto, R., Nomura, S., Ohishi, H., Sugihara, H., Nakanishi, S.. Mizuno, N. (1993) 
Immunohistochernical localization of a metabotropic glutamate receptor, mGluR5, in 
the rat brain. Neurosci Lett (163) 53-57. 
References 203 
Siminoff, R., Schwassmann, H. O., Kruger, L. (1966) An electrophysiological study of the 
visual projection to the superior colliculus of the rat. J Comp Neurol (127) 435-444. 
Simon, D. K., Prusky, G. T., O'Leary, D. D. M., Constantine-Paton, M. (1992) N-methyl-D- 
aspartate receptor antagonist disrupts the formation of a mammalian neural map. 
ProcNatlAcadSci USA (89) 10593-10579. 
Sladeczek, F., Momiyama, A., Takahashi, T. (1993) Presynaptic inhibitory action of a 
metabotropic glutarnate receptor agonist on excitatory transmission in visual cortical 
neurons. Proc R Soc Lon (253) 297-303. 
Sladeczek, F., Pin, JP., Recasens, M., Bockaert, J., Weiss, S. (1985) Glutamate stimulates 
inositol phosphate formation in striatal neurones. Nature (317) 717-718. 
Sommer, B., Keinanaen, K., Verdoorn, T. A., Wisden, W., Burnashev, N., Herb, A., Kohler, 
M., Takagi, T., Sakmann, B., Seeberg, P. H. (1990) Flip and flop, a cell specific 
functional switch in glutarnate operated channels in the CNS. Science (249) 1580- 
1858. 
Sommer, B, Seeburg, P. H. (1992) Glutamate receptor channels - novel properties and new 
clones. Trends in Pharmacological Sciences (13) 291-296. 
Sortino, M. A., Aleppo, G., Copani, G., Casabona, G., Nicoletti, F., Ventram C., Kuhn, R., 
Knopfel, T., Maltischek, B., Canonico, P. L. (1996) Immortalized hypothalamic 
neurons express metabotropic glutamate receptors positively coupled to cyclic AMP 
formation. EurJNeurosci(8)2407-2415. 
Sprague, J. M., Meikle, T. H. Jr (1965) The role of the superior colliculus in visually guided 
behaviour. Exp Neurol (11) 115 -146. 
Staub, C., Vranesic, I., Knopfel, T. (1992) Responses to metabotropic glutamate receptor 
activation in cerebellar purkinje cells: induction of an inward current. Eur J Neurosci 
(4) 832-839. 
Stefani, A., Pisani, A, Mercuri, N. B., Bernardi, G., Calabresi, P. (1994) Activation of 
metabotropic glutamate receptors inhibits calcium currents and GABA-mediated 
synaptic potentials in striatal neurons. JNeurosci (14) 6734-6743. 
Stefani, A., Pisani, A., Mercuri, N. B., Calabresi, P. (1996) The modulation of calcium 
currents by the activation of mGluRs. Molec Neurobiol (13) 81-95. 
Stein, B. E. (198 1) Organisation of the rodent superior colliculus: some comparisons with 
other mammals. Behav Brain Res (3) 175-188. 
Stein, B. E. (1984) Development of the superior colliculus. Ann Reil Neurosci (7) 95-125. 
Stein, B. E., M. A. Meredith (1994) In The Merging of the Senses. MIT Press, U. S. A. 
References 204 
Sterling, P., Wickelgren, B. G. (1969) Visual receptive fields in the superior colliculus of 
the cat. JNeurophysiol (32) 1-15. 
Stevenson, J. A., Lund, R. D. (1982a) Alterations of the crossed parabigemino-tectal 
projection induced by neonatal eye removal in rats. J Comp Neurol (207) 191-202. 
Stevenson, J. A., Lund, R. D. (1982b) A crossed parabigemino-lateral geniculate projection 
in rats blinded at birth. Exp Brain Res (45) 95-100. 
Stone, T. W. (1985) Microiontophoresis and Pressure Ejection. fBRO Handbook Series, 
Methods in the Neurosciences. John Wiley and Sons. 
Straschill, M., Perwien, J. (1971) Effect of iontophoretically applied biogenic amines and 
of cholinomimetic substance upon the activity of neurones in the superior colliculus 
and mesencephalic reticular formation of the cat. Pfflugers Arch (324) 43-55. 
Stewart, D. L., Birt, D., Towns, L. C. (1973) Visual receptive-field characteristics of 
superior colliculus neurons after cortical lesions in the rabbit. Vis Res (13) 1965- 
1977. 
Sugihara, H., Inoue, T., Nakanishi, S., Fukuda, Y. (1997) A late ON response remains in 
visual response of the mGluR6 -deficient mouse. Neurosci Lett (233) 137-140. 
Sugiyama, H., Ito, I., Hirono, C. (1987) A new type of glutamate receptor linked to inositol 
phospholipid metabolism. Nature (325) 531-533. 
Sugiyama, H., Ito, I., Watanabe, M. (1989) Glutamate receptor subtypes may be classified 
into two major categories: a study on xenopus oocytes injected with rat brain mRNA. 
Neuron (3) 1289-132. 
Sumitomo, I., Ide, K., Iwarna, K., Arikuni, T. (1969) Conduction velocity of optic nerve 
fibres innervating lateral geniculate body and superior colliculus in the rat. Exp 
Neurol (25) 378-392. 
Swartz, K. J., Bean, B. P. (1992) Inhibition of calcium channels in rat CA3 pyramidal 
neurons by a metabotropic glutamate receptor. JNeurosci (12) 4358-4371. 
Swartz, K. J., Merritt, M., Bean, B. P., Lovinger, D. M. (1993) Protein kinase C modulates 
glutamate receptor inhibition of Ca 2+ channels and synaptic transmission. Nature 
(361) 165-168. 
Szel, A., Rohlich, P. (1992) Two cone types of rat retina detected by anti-visual pigment 
antibodies. Exp Eye Res (55) 47-52. 
Takahashi (1995) The organization of the lateral thalamus of the hooded rat. J Conip 
Neurol (231) 281-309. 
References 205 
Takahashi, K., Tsuchida, K., Tanabe, Y., Masu, M., Nakanishi, S. (1993) Role of the large 
extracellular domain of metabotropic glutamate receptors in agonist selectivity 
determination. JBiol Chem (268) 19341-19345. 
Takagi, H., Tsuchida, K., Yoshioka, T., Suzuki, Ito, E., Kudo, Y. (1992) Delayed 
appearance of G-protein coupled signal transduction system in developing cerebellar 
purkinje cell dendrites. Neurosci Res (15) 206-212. 
Takechi, H., Eilers, J., Konnerth, A. (1998) A new class of synaptic responses involving 
calcium release in dendritic spines. Nature (396) 757-760. 
Takahashi, T., Forsythe, I. D., Tsujimoto, T., Barnes-Davies, M., Onodera, K. (1996) 
Presynaptic calcium current modulation by a metabotropic glutamate receptor. 
Science (274) 594-597. 
Tan, M. M. L., Harvey, A. R. (1989) The cholinergic innervation of normal and transplanted 
superior colliculus in the rat: an immunohistochemical. study. Neuroscience (32) 511- 
520. 
Tanabe, Y., Masu, M., Ishii, T., Shigemoto, R., Nakanishi, S. (1993) A family of 
metabotropic glutarnate receptors. Neuron (8) 169-179. 
Tanabe, Y., Nomura, M., Shigemoto, R., Mizuno, N., Nakanishi, S. (1993) Signal 
transduction, pharmacological properties, and expression patterns of two rat 
Metabotropic glutamate receptors, mGluR3 and mGluR4. JNeurosci (13) 1372- 
1378. 
Tanaka, K., Otani, K., Tokunaga, A., Sugita, S. (1985) The organization of neurons in the 
nucleus of the lateral lemniscus projecting to the superior and inferior colliculi in the 
rat. Brain Res (341) 252-260. 
Taylor, A. M., Jeffery, G., Lieberman, A. R. (1986) Subcortical afferent and efferent 
connections of the superior colliculus in the rat and comparisons between albino and 
pigmented strains. Exp Brain Res (62) 131-142. 
Tempia, F., Concerta, M., Anchisi, M. D., Strata, P. (1998) Postsynaptic current mediated 
by metabotropic glutamate receptors in cerebellar purkinje cells. J Neurophysiol (80) 
520-528. 
Tenorio, F., Giraldi-Guimaraes, A., Mendez-Otero, R. (1995) Developmental changes of 
nitric oxide synthase in the rat superior colliculus. JNeurosci Res (42) 633-637. 
Tenorio, F., Giraldi-Guimaraes, A., Mendoz-Otero, R. (1996) Morphology of NADPH- 
diaphorase-positive cells in the retinoreceptive layers of the developing rat superior 
colliculus. IntJDev Neurosci (14) 1-10. 
Testa, C. M., Standaert, D. G., Young, A. B., Penney, J. B. (1994) Metabotropic glutamate 
receptor mRNA expression in the basal ganglia of the rat. JNeurosci (13) 1372- 
1378. 
References 206 
Thibos, L. N., Levick, W. R. (1985) Orientation bias of brisk-transient Y-cells of the cat 
retina for drifting and alternating gratings. Exp Brain Res (58) 1- 10. 
Thomsen, C., Boel, E., Suzdak, P. D. (1994) Actions of phenylglycine analogs at subtypes 
of the metabotropic glutamate receptor family. Eur J Phannacol Mol Pharmacol 
(267) 77-84. 
Thomsen, C., Bruno, V., Nicoletti, F., Marinozzi, M., Pellicciari, R. (1996) (2S, I'S, 2 S, 
3'R)-2-(2/carboxy-31-phenylcyclopropyl)glycine, a potent and selective antagonist of 
type 2 metabotropic glutamate receptors. Mol Pharmacol (50) 6-9. 
Thomsen, C., Mulvhill, E. E., Haldeman, B., Pickering, D. S., Flampson, D. R., Suzdak, P. D. 
(1993) A pharmacological characterization of the mGluR Ia subtype of the 
metabotropic glutamate receptor expressed in a cloned baby hamster kidney cel I line. 
Brain Res (619) 22-28. 
Thomsen, C., Kristensen, P., Mulvhill, E., Haldeman, B., Suzdak, P. D. (1992) L-2-amino- 
4-phosphonobutyrate (L-AP4) is an agonist at the type IV metabotropic glutamate 
receptor which is negatively coupled to adenylate cyclase. Eur J Pharmacol Mol 
Pharmacol (227) 361-362. 
Thoreson, W. B., Velte, T. J., Miller, R. F. (1995) Actions of phenylglycine derivatives at L- 
AN receptors in retinal ON bipolar cells. Neuropharmacology (34) 27-34. 
Tiernan, S., Moffett, J., Irtenkauf, S. (199 1) Effect of eye removal on N- 
acetylaspartylglutamate immunoreactivity in retinal targets of the cat. Brain Res 
(562) 318-322. 
Tokunaga, A., Otani, K. (1976) Dendritic patterns of neurons in the rat superior colliculus. 
Exp Neurol (52) 189-205. 
Toms, N. J., Jane, D. E., Kemp, M. C., Bedingfield, J. S., Roberts, P. J. (1996) The effects of 
(RS)-cc-cyclopropyl-4-phosphonophenylglycine ((RS)-CPPG), a potent and selective 
metabotropic receptor antagonist. BrJPharmacol(119)851-854. 
Trombley, P. Q., Westbrook, G. L. (1992) L-AP4 inhibits calcium currents and synaptic 
transmission via a G-protein-coupled glutamate receptor. JNeurosci (12) 2043-2050. 
Tsai, G., Staich, B., Vomow, J., Deshande, J., Coyle, J. (1990) Selective release of N- 
acetylaspartylglutamate from rat optic nerve terminals in-ilvo. Brain Res (518) 3 13- 
316. 
Turlejski, K., Djavadian, R. L., Dreher, B. (1993) Parabigerninal, pretectal and 
hypothalamic projections to rat's dorsal lateral geniculate nucleus: Comparison 
between albino and pigmented strains. Neurosci Lett (160) 225-23 1. 
Turner, J. P., Salt, T. E. (1999) Group III metabotropic receptors control corticothalamic 
synaptic transmission in the rat thalamus in vitro. J 
Physiol (518) 481-49 1. 
References 207 
Turner, T. J., Adams, M. E., Dunlap, K. (1993) Multiple calcium channel types coexist to 
regulate synaptosomal neurotransmitter release. Proc Natl Acad Sci (90) 9518-9522. 
Tyler, E. C., Lovinger, D. M. (1995) Metabotropic glutamate receptor modulation of 
synaptic transmission in corticostriatal co-cultures: role of calcium influx. 
Neuropharm (34) 939-952. 
Ugolini, A., Corsi, M., Bordi, F. (1997) Potentiation of NMDA and AMPA responses by 
group I mGluR in spinal cord motorneurons. Neuropharm (36) 1047-1055. 
Urushihara, H., Tohda, M., Nomura, Y. (1992) Selective potentiation of N-methyl-D- 
aspartate-induced current by protein kinase C in Xenopus oocytes injected with rat 
brain RNA. J Biol Chem (267) 11697-11700. 
Varney, M. A., Cosford, N. D., Jachec, C., Rao, S. P., Sacaan, A., Lin, F. F., Bleicher, L., 
Santori, E. M., Flor, P. J., Allegeier, H., Gasparini, F., Kuhn, R., Hess, S. D., 
Velicelebi, G., Johnson, E. C. (1999) SEB-1757 and SIB-1893: selective, non 
competitive antagonists of metabotropic glutamate receptor 5. J Pharmacol Exp Ther 
(290) 170-178. 
Venero, J. L., Vizuete, M. L., Machado, A., Cano, J. (1997) Developmental expression of 5- 
HT7 receptor mRNA in rat brain visual structures after neonatal enucleation. 
Neuroreport (8) 1531-1535. 
Verdoorn, T. A., Bumashev, N., Monyer, H., Seeburg, P. H., Sakmann, B. (199 1) Structural 
determinants of ion flow through recombinant glutamate receptor channels. Science 
(252) 1715-1718. 
Vidnyanszky, Z., Gorcs, T. J., Negyessey, L., Borostyankoi, Z., Kuhn, R., Knopfel, T. 
(1996) Immunocytochernical visualization of the mGluRl a metabotropic glutamate 
receptor at synapses of corticothalarnic terminals originating from area 17 of the rat. 
EurJNeurosci (8) 1061-1071. 
Vidnyanszky, Z., Hamori, J., Neggyessy, L., Ruegg, D., Knopfel, T., Kuhn, R., Gorcs, T. J. 
(1994) Cellular and subcellular localization of the mGluR5 metabotropic glutamate 
receptor in rat spinal cord. Neuroreport (6) 209-213. 
Vignes, M., Clarke, V. R. J., Davies, CRY., Chambers, A., Jane, D. E.. Watkins, J. C., 
Collingridge, G. L. (1995) Pharmacological evidence for an involvement of Group 11 
and Group IH mGluRs in the presynaptic regulation of excitatory synaptic responses 
in the CA I region of rat hippocampal slices. Neuropharmacology (8) 973-982. 
Villar, M. J., Vitale, M. L., Hokfelt, T., Verhofstad, A. A. (1988) Dorsal raphe serotinergic 
branching neurons projecting both the lateral geniculate body and superior colliculus: 
a combined retrograde tracing Immunohistochernical study 
in the rat. J Conip, %'curol 
(277) 126-140. 
References 208 
Vizuette, M. L., de la Roza, C., Steffen, V., Machado, A., Cano, J. (1993) Changes in 
neurotransmitters in superior colliculus after neonatal enucleation: biochemical and 
immunocytochemical studies. Neurosci (56) 165-176. 
Wada, E., Shigemoto, R., Kinoshita, A., Ohishi, H., Mizuno, N., (1998) Metabotropic 
glutamate receptor subtypes in axon terminals of projection fibers from the main and 
accessory olfactory bulbs: a light and electron microscopic Immunohistochernical 
study in the rat. J Comp Neurol (393) 493-504. 
Wang, X. F., Daw, N. W. (1996) Metabotropic glutamate receptors potentiate responses to 
NMDA and AMPA from layer V cells in rat visual cortex. JNeurophys (76) 808- 
815. 
Warton, S. S., Perouansky, M., Grantyn, R. (1990) Development of GABAergic synaptic 
connections in vivo and in cultures from the rat superior colliculus. Dev Brain Res 
(52) 95-111. 
Weller, M. E., Rose, S., Jenner, P., Marsden, C. D. (1987) In-vitro characterisation of 
doparnine receptors in the superior colliculus of the rat. Neuropharm (26) 347-354. 
Wassle, H., Reichl, L., Boycott, B. B. (1983) Mosaics and territories of cat retinal ganglion 
cells. Prog Brain Res (58) 183-190. 
Watanabe, K., Kawana, E. (1979) Efferent projections of the parabigeminal nucleus in rats: 
a horseradish peroxidase (URP) study. Brain Res (168) 1 -11. 
Waterhouse, B. D., Border, B., Wahl, I., Mihailoff, G. A. (1993) Topographic organization 
of rat locus coeruleus and dorsal raphe nuclei: distribution of cells projecting to visual 
system structures. J Comp Neurol (336) 345-36 1. 
Watkins, J. C., Evans, R. H. (1981) Excitatory amino acid transmitters. Ann Rev Pharmacol 
Toxicol (21) 165-204. 
Watson, S. J., Akil, H., Sulivan, S., Barchas, J. D. (1977) Life Sci (2 1) Immunocytochemical 
localization of methionine enkephalin: preliminary observations 733-738. 
Wegelius, K., Pasternack, M., Hiltunen, J., Rivera, C., Kaula, K., Saama, H., Reeben, M. 
(1998) Distribution of GABA receptor rho subunit transcripts. EurJNeurosci(10) 
350-357. 
Wermuth, C. G., Mann, A., Scoenfelder, A., Wright, R. A., Johnson, B. G., (1996) (2S. 4S)-2- 
amino-4-(4, -diphenylbut-1-yl-pentane-1,5 
dioic acid: a potent and selective antagonist 
for metabotropic glutarnate receptors negatively linked to adenylate cyclase. JA fed 
Chem (39) 814-816. 
Westby, G. W. M., Keay, K. A., Redgrave, P., Dean, P., Bannister, M. (1990) Output 
pathways from the rat superior colliculus mediating approach and avoidance 
have 
different sensory properties. Exp Brain Res (81) 626-638. 
References 209 
Wickelgren, B. G., Sterling, P. (1969) Influence of visual cortex on receptive fields in the 
superior colliculus of the cat. J Neurophysiol (32) 16-23. 
Winder, D. G., Conn, P. J. (1996) Roles of metabotropic glutamate receptors in glial 
function and glial-neuronal communication. J Neurosci Res (46) 131-13 7. 
Wisden, W., Seeburg, P. H. (1993) A complex mosaic of high-affinity kainate receptors in 
rat brain. JNeurosci (13) 3582-3598. 
Woodhall, G., Gee, C. E., Robitaille, R., Lacaille, J-C. Membrane potential and intracellular 
Ca 2+ oscillations activated by mGluRs in hippocampal stratum oriens/alveus 
interneurons. J Neurophysiol (81) 3 71-3 82. 
Worley, P. F., Baraban, J. M., Snyder, S. H. (1986) Heterogenous localization of protein 
kinase C in rat brain: autoradio graphic analysis of phorbol ester receptor binding. J 
Neurosci (6) 199-207. 
Worley, P. F., Baraban, J. M., Snyder, S. H. (1989) Inositol 1,4,5-triphosphate receptor 
binding: autoradiographic localization in rat brain. JNeurosci (9) 339-346. 
Wright, R. A., Schoepp, D. D. (1996) Differentiation of group 2 and group 3 metabotropic 
glutamate receptor cAMP responses in the rat hippocampus. Eur J Pharmacol (297) 
275-282. 
Wu, S., Wright, R. A., Rockey, P. K., Burgett, S. G., Arnold, J. S., Rosteck, P. R., Johnson, 
B. G., Schoepp, D. D., Belagaje, R. M. (1998) Group III human metabotropic glutamate 
receptors 4,7 and 8: molecular cloning, functional expression, and comparison of 
pharmacological properties in RGT cells. Molecular Brain Res (53) 88-97. 
Yamaguchi, S., Nakanishi, S. (1998) Regional expression and regulation of alternative 
forms of mRNAs derived from two distinct transcription initiation sites of the rat 
mGluR5 gene. JNeurochem (71) 60-68. 
Yu, S. P., Sensi, S. L., Canzoniero, L. M. T., Buisson, A., Choi, D. W. (1997) Membrane- 
delimited modulation of NNMA currents by metabotropic glutamate receptor 
subtypes 115 in cultured mouse cortical neurons. JPhysiol (499) 721-732. 
Zahorodna, A., Palucha, A., Bijak, M. (1998) Comparison of the effects of low and high 
concentrations of group I metabotropic receptor agonists on field potentials in the 
hippocampal CAI region in vitro. Pol J Pharmacol (50) 291-2 9 8. 
Zahs, K. R., Stryker, M. P. (1985) The projection of the visual field onto the lateral 
geniculate nucleus of the ferret. J Comp Neurol (241) 210-224. 
Zegarra-Moran, 0., Moran, 0. (1993) Modulation of voltage-dependent calcium channels 
by glutarnate in rat cerebellar granule cells. Exp Brain Res (95) 
65-69. 
References 2 10 
Zhou, F. M., Hablitz, J. J. (1997) Metabotropic glutamate receptor enhancement of 
spontaneous IPSCs in neocortical interneurons. JNeurophysiol (78) 2287-2295. 
Zhu, X. O., Brown, M. W., Aggleton, J. P. (1995) Neuronal signalling of information 
important to visual recognition memory in rat rhinal and neighbouring cotices. Eur J 
Neurosci (7) 753-765. 
Ii 
